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ABSTRACT  39 

Previous observations suggest that females utilize a more erect initial landing posture than males 40 

with sex differences in landing posture possibly related to sex-specific energy absorption (EA) 41 

strategies.  However, sex-specific EA strategies have only been observed when accompanied by 42 

sex differences in initial landing posture.  This study: 1) investigated the potential existence of 43 

sex-specific EA strategies, and 2) determined the influences of sex and initial landing posture on 44 

the biomechanical determinants of EA. The landing biomechanics of eighty subjects were 45 

recorded during drop landings in Preferred, Flexed, and Erect conditions. No sex differences in 46 

joint EA were identified after controlling for initial landing posture.  Males and females 47 

exhibited greater ankle EA during Erect vs. Flexed landings with this increase driven by 12% 48 

greater ankle velocity, but no change in ankle extensor moment.  No differences in hip and knee 49 

EA were observed between conditions.   However, to achieve similar knee EA, subjects used 7% 50 

greater mean knee extensor moment but 9% less knee angular velocity during Flexed landings.  51 

The results suggest that sex-specific EA strategies do not exist, and that the magnitude of knee 52 

joint EA can be maintained by modulating the relative contributions of joint moment and angular 53 

velocity to EA. 54 
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 INTRODUCTION 62 

 Compared to males, females are at significantly greater risk for patellofemoral pain 63 

syndrome (PFPS) (Taunton et al., 2002; Boling et al., 2010) and anterior cruciate ligament 64 

(ACL) injury (Arendt et al., 1999; de Loës et al., 2000; Agel et al., 2005).  Females also tend to 65 

exhibit a more erect posture during landing (Malinzak et al., 2001; Decker et al., 2003; Yu et al., 66 

2006)  with lesser knee flexion at ground contact serving as an identified risk factor for the 67 

development of PFPS (Boling et al., 2009) and a potential contributor to increased ACL loading 68 

(Nunley et al., 2003).  Consequently, it has been suggested that PFPS and ACL injury prevention 69 

programs include components specifically targeted at increasing knee flexion during landing 70 

(Hewett et al., 1999; Myklebust et al., 2003; Mandelbaum et al., 2005; Boling et al., 2009).  71 

However, despite these recommendations, the biomechanical reason(s) underpinning the use of a 72 

more erect landing position by females remain unknown.  73 

 Decker et al. (2003) postulated that sex differences in landing posture may be driven by 74 

sex-specific sagittal plane energy absorption (EA) strategies in which males and females 75 

preferentially use either the hip or ankle, respectively, in conjunction with the knee as the 76 

primary joints with which to absorb energy during landing.  They proposed that the more erect 77 

landing posture of females in their investigation was the result of a female specific ankle and 78 

knee joint dominant EA strategy; and that the use of  an erect landing posture with this strategy 79 

served to maximize the amount of energy females absorbed at these joints during landing 80 

(Decker et al., 2003).  However, it remains unclear whether these proposed sex-specific EA 81 

strategies truly exist as sex differences in joint EA magnitudes and joint contributions to EA 82 

(e.g., EA strategy) have only been reported when accompanied by sex differences in initial 83 

landing posture (Decker et al., 2003; Norcross et al., 2010a).  84 



The magnitude of joint EA can be affected  by changes to either of the two biomechanical 85 

determinants of joint EA- angular velocity or resultant joint moment (Winter, 2005).  86 

Accordingly, Mizarahi and Susak (1982) proposed that increasing the total available joint ranges 87 

of motion during landing by positioning the joints in lesser flexion at initial ground contact might 88 

increase the ability of  muscles spanning these joints to absorb energy by potentially allowing for 89 

greater joint angular velocities.  This notion is supported by Zhang et al. (2000) who observed 90 

greater magnitudes of EA during landings with greater hip, knee, and ankle angular 91 

displacements. It is plausible, therefore, that the magnitude and distribution of energy absorbed 92 

by individual joints during landing (i.e., EA strategies) is influenced by initial contact joint 93 

configurations, rather than feed-forward EA strategies dictating the use of particular initial 94 

contact joint configurations. As such, observed sex differences in landing posture may be driven 95 

by other sex-related biomechanical factors, such as strength, and not sex-specific EA strategies 96 

(Lephart et al., 2002).  For instance, females might adopt a more erect landing posture in order to 97 

achieve adequate joint EA through the utilization of greater joint angular velocities, but lesser net 98 

joint moments (e.g., joint extensor moment demands).   99 

Given these possibilities, the objective of this study was to further investigate the 100 

potential existence of sex-specific EA strategies that could contribute to sex differences in 101 

landing posture by evaluating the influences of sex and landing posture on joint EA.  We also 102 

sought to examine the biomechanical determinants of EA to elucidate whether the mechanisms 103 

through which EA is achieved (i.e., joint angular velocity and moment) are influenced by sex and 104 

landing posture.  We hypothesized that compared to males, females would demonstrate a more 105 

erect landing posture and an ankle/knee dominant EA strategy when completing drop landings 106 

using a preferred posture; but that no sex differences in joint EA would be identified after 107 



experimentally controlling for landing posture (i.e.,  during constrained flexed and erect landing 108 

conditions).  Further, we hypothesized that males and females would utilize greater joint angular 109 

velocity, but lesser joint moment to achieve similar magnitudes of individual joint EA when 110 

landing in an erect posture compared to a flexed posture.     111 

METHODS 112 

Subjects. Eighty physically active (40 women and 40 men) volunteers were recruited for 113 

participation in this study.  All subjects were recreationally active (participating in at least 30 114 

minutes of physical activity at least three times per week); and generally healthy with no history 115 

of ACL injury, neurological disorder, lower extremity surgery, or lower extremity injury within 116 

the six months prior to data collection.  The investigation was approved by the University’s 117 

Institutional Review Board and all subjects provided written informed consent prior to 118 

participation.  119 

Subject preparation. Prior to data collection, the height and mass of each subject were recorded 120 

and used for generation of the biomechanical model and normalization of the dependent 121 

variables.  An electromagnetic motion capture system (MotionStar, Ascension Technology 122 

Corp., Burlington, VT, USA) and five 6 degree of freedom electromagnetic tracking sensors 123 

were used to assess dominant lower-extremity and trunk kinematics.  Sensors were positioned 124 

over the third metatarsal, anteromedial shank, and lateral thigh of the dominant leg (defined as 125 

the leg used to kick a ball for maximum distance), as well as the sacrum and C7 spinous process.  126 

Sensors were placed over areas of minimal muscle mass and secured with pre-wrap and athletic 127 

tape in order to reduce motion artifact.  Global and segmental axis systems were established 128 

using a right-hand coordinate system with the positive X axis designated as forward/anteriorly, 129 

the positive Y axis leftward/medially, and the positive Z axis upward/superiorly.  The 130 



MotionMonitor motion analysis software (Innovative Sports Training, Inc., Chicago, IL, USA) 131 

was used to create a link-segment model of the dominant lower extremity, pelvis, and thorax by 132 

digitizing the ankle, knee, and hip joint centers and the T12 spinous process.  Ankle and knee 133 

joint centers were defined as the midpoints of the digitized medial and lateral malleoli, and the 134 

medial and lateral femoral condyles, respectively.  The hip joint center was predicted using 135 

external landmarks on the pelvis (Bell et al., 1989).  Finally, a nonconductive force plate (Type 136 

4060-NC, Bertec Corporation, Columbus, OH, USA), whose axis system was aligned with the 137 

global axis system, was used to measure reaction forces and moments during the drop landing 138 

trials.   139 

Preferred drop landings. Following set-up, subjects completed double leg terminal drop-140 

landings from a height of 0.60 m in three different landing postures: Preferred, Flexed, and Erect.  141 

All subjects completed the Preferred condition first to eliminate the possibility that their 142 

preferred landing strategy would be contaminated by completing the constrained Flexed and 143 

Erect landing conditions.  For the Preferred condition, drop landings were initiated from  atop a 144 

0.60 m tall box positioned directly behind the force plate in order to precisely replicate the task 145 

used by Decker et al. (2003).  Subjects were instructed to reach out with their dominant foot to 146 

position it over the force plate; roll forward off of the box using their non-dominant foot without 147 

jumping or lowering themselves in order to initiate a drop; and then to perform a double leg 148 

terminal landing with their dominant foot positioned completely on the force plate and their non-149 

dominant foot positioned on the floor next to the force plate.  Subjects were given no other 150 

instructions or feedback regarding landing technique or performance.  All subjects performed 151 

three practice trials followed by five testing trials in the Preferred condition before completing 152 

drop landings in the constrained conditions. 153 



Flexed and Erect drop landings.  In order to experimentally manipulate knee flexion angle at 154 

initial contact during drop landings, it was necessary to have subjects hang from an overhead bar 155 

attached to a wooden support frame (Figure 1) and provide them with real-time biofeedback 156 

regarding their knee flexion angle using the MotionMonitor system and a computer monitor.  157 

Biofeedback was presented on the monitor in the form of a cursor and target window that helped 158 

subjects to position their knees in 35 ± 5° and 20 ± 5° of flexion, respectively, during the Flexed 159 

and Erect landing conditions.  These target knee angles were chosen as they are similar to the 160 

mean knee flexion angles at initial contact exhibited by male (Flexed) and female (Erect) 161 

subjects in a previous study that demonstrated sex differences in EA strategy during 0.60 m 162 

drop-landings (Decker et al., 2003).  Though subjects only received feedback regarding the knee 163 

flexion angle of their dominant leg, they were instructed to move both legs in unison. Once 164 

subjects successfully positioned the cursor within the target window to achieve the desired knee 165 

flexion angle, an auditory signal was triggered.  Subjects were instructed that they could let go of 166 

the bar to initiate the drop whenever they were ready so long as the auditory signal was present.  167 

They were then to maintain their body position until the instant of ground contact at which time 168 

they could move their joints in whatever manner they chose in order to complete the double-leg 169 

drop landing. 170 

Impact velocity was standardized during the constrained conditions by adjusting the 171 

overhead bar to maintain the ankle joint center at approximately 0.60 m.  The bar was initially 172 

positioned using an algorithm developed during pilot testing based upon subject height and the 173 

expected hip joint angles that subject’s would need to use to position their feet under their center 174 

of mass while flexing the knee to the angles desired in each constrained landing condition.  After 175 

the initial adjustment, drop height was verified by monitoring the vertical position of each 176 



subject’s ankle joint center just prior to the initiation of the drop during each condition’s practice 177 

trials.  If necessary, the drop bar was further adjusted to achieve consistent 0.60 m drop landings 178 

across all conditions.   179 

After each trial in the Flexed and Erect conditions, knee flexion angle and vertical ground 180 

reaction force were immediately calculated and displayed.  These data were used to determine 181 

the knee flexion angle at the instant of ground contact and trials were deemed successful if this 182 

value was within the prescribed ranges for each experimental condition.  All subjects completed 183 

a minimum of three practice trials, but were restricted to attempting a maximum of eight Flexed 184 

and Erect testing trials in hopes of capturing five successful trials for each condition.  Subjects 185 

were provided with at least 30 seconds of rest between trials and 2 minutes of rest between 186 

conditions to minimize the potential effects of fatigue, and the order of Flexed and Erect landings 187 

was counterbalanced across subjects.   188 

Data sampling and reduction. Kinematic and kinetic data were sampled at 120 Hz and 1,200 189 

Hz, respectively, using The MotionMonitor software. Raw kinematic data were low-pass filtered 190 

using a fourth-order, zero-phase-lag Butterworth filter with a cutoff frequency of 10 Hz, time 191 

synchronized with the kinetic data, and then re-sampled to 1,200 Hz.  Joint angular positions 192 

were calculated based on a right hand convention using Euler angles in a Y (flexion/extension), 193 

X’ (adduction/abduction), Z” (internal/external rotation) rotation sequence with motion defined 194 

about the hip as the thigh relative to the pelvis, about the knee as the shank relative to the thigh, 195 

and about the ankle as the foot relative to the shank.  Instantaneous joint angular velocities were 196 

calculated as the 1st derivative of angular position.   Kinetic data were also low-pass filtered at 10 197 

Hz (4th order zero-phase lag Butterworth) and combined with kinematic and anthropometric data 198 

to calculate the net internal joint moments of force at the hip, knee, and ankle using an inverse 199 



dynamics solution within The MotionMonitor software (Dempster et al., 1959; Gagnon & 200 

Gagnon, 1992) .  201 

Custom computer software (LabVIEW, National Instruments, Austin, TX, USA) was 202 

used to generate sagittal plane hip, knee, and ankle joint power curves and individual joint EA 203 

were calculated by integrating the negative portion of each joint power curve during the 100 ms 204 

immediately following initial ground contact (vertical ground reaction force > 10 N) as described 205 

previously (McNitt-Gray, 1993; Norcross et al., 2010b) .  Similarly, mean internal hip extensor, 206 

knee extensor, and ankle extensor (plantarflexor) joint moments during the initial 100 ms of 207 

landing were calculated by averaging the respective net joint moment curves during periods of 208 

negative joint work (energy absorption).  The same custom software was also used to calculate 209 

the mean angular joint velocities during the initial 100 ms of landing, and to identify joint angles 210 

at initial contact and peak hip flexion, knee flexion, and ankle dorsiflexion angles between initial 211 

contact and the minimum vertical position of the whole body center of mass.  We chose to isolate 212 

our analyses to the initial 100 ms of landing so that we could directly compare our results to 213 

those of Decker et al. (2003) and because ACL injury and peak strain are reported to occur 214 

during this time period (Cerulli et al., 2003; Withrow et al., 2006; Koga et al., 2010).  Mean 215 

values for all dependent variables were calculated across the five trials for each landing 216 

condition.  Mean joint extensor moments during periods of energy absorption were normalized to 217 

the product of subject height and weight, while EA magnitudes were expressed as a percentage 218 

of the product of subject height and weight (% BW*Ht) to assist with presentation of the results 219 

(Norcross et al., 2013b).  Positive joint moment values indicate net extensor moments for all 220 

joints, while EA values were assigned to be positive by convention to simplify their 221 

interpretation during data analysis.  222 



Statistical analyses. Sex differences in the magnitudes of joint EA, mean joint extensor moment 223 

and mean joint angular velocity during the initial 100 ms of landing, and peak and initial contact 224 

joint angles during the Preferred landing condition were evaluated using five separate 2 (Sex) x 3 225 

(Joint) repeated measures ANOVAs. Given the unexpectedly low proportion of subjects that 226 

were able to successfully complete landings in all three experimental conditions (63%), we chose 227 

to carry out the analyses of the Preferred landing condition twice, using both the total sample of 228 

subjects and the subset of successful subjects, to ensure that the preferred landing mechanics of 229 

the successful subset of subjects were similar to the preferred landing mechanics of the total 230 

sample of subjects.  231 

For the two constrained landing conditions, the influences of sex and landing posture on 232 

the five dependent measures were evaluated using separate 2 (Sex) x 2 (Posture: Flexed and 233 

Erect) x 3 (Joint) repeated measures ANOVAs using data collected from only the subset of 234 

subjects that successfully completed Flexed and Erect landings.  When indicated by significant 235 

main or interaction effects in an ANOVA model, post-hoc mean comparisons were conducted 236 

using the Tukey-Kramer method.  We specifically chose to compare the Flexed and Erect 237 

conditions independent of the Preferred condition as pilot testing indicated that the horizontal 238 

velocity of the whole body center of mass at impact was similar in the Flexed and Erect landing 239 

conditions, but slightly less than in the Preferred condition.  All analyses were conducted using 240 

commercially available software (SPSS 21.0, IBM Inc., Armonk, NY) with statistical 241 

significance established a priori as α ≤ 0.05.    242 

RESULTS 243 

Of the 80 subjects tested, 1 man and 1 woman were excluded from the final analyses due 244 

to software errors during data collection.  While all subjects were able to hang from the drop bar 245 



and perform drop landings in the constrained conditions, 26 subjects (8 men and 18 women) 246 

were unable to contact the ground with their knee flexion angle within the desired ranges for 247 

either the Flexed (6 men and 9 women), Erect (2 women), or both Flexed and Erect (2 men and 7 248 

women) conditions.  Further, 3 additional men were restricted from attempting drop landings in 249 

the constrained conditions due to concerns over the stability of the wooden frame to support their 250 

bodies (Height = 1.93 ± 0.05 m; Mass = 128.9 ± 12.5 kg).  This resulted in a total sample of 78 251 

subjects (39 women: Age = 20.6 ± 2.5 years; Height = 1.67 ± 0.06 m; Mass = 61.4 ± 9.2 kg; 39 252 

men: Age = 21.1 ± 2.2 years; Height = 1.82 ± 0.06 m; Mass = 79.8 ± 16.6 kg) who completed the 253 

Preferred condition, and a subset sample of 49 subjects (21 women: Age = 20.2 ± 2.0 years, 254 

Height = 1.66 ± 0.06 m, Mass = 60.7 ± 9.8 kg; 28 men: Age = 21.4 ± 2.3 years; Height = 1.81 ± 255 

0.06 m; Mass = 76.5 ± 7.5 kg) that successfully completed drop landings in all three 256 

experimental conditions.  257 

Preferred landing condition. Overall, the results of the Preferred landing condition analyses 258 

using the subset of subjects that successfully completed all three landing tasks were generally 259 

consistent with the results using the total sample of subjects (Table 1 and Figure 2).  This 260 

indicates that excluding subjects who did not successfully complete landings in all three 261 

conditions did not result in a subset of subjects who used different preferred landing mechanics 262 

than the excluded subjects.  However, it does not rule out the possibility that the subset of 263 

successful subjects are representative of a more athletic population.  As a result, and to remain 264 

consistent with the analyses for the constrained landing conditions, we report only the results of 265 

the 49 subjects who successfully completed all three landing conditions.   266 

During preferred landings, we failed to identify a significant sex main effect (P = 0.939, 267 

η2 < 0.01) or a significant sex x joint interaction effect (P = 0.055, η2 = 0.06) for joint angle at 268 



initial contact (Table 1).  Similarly, no sex differences in any peak joint flexion angles during 269 

landing were identified (Sex and Sex x Joint interaction effects, P > 0.05, η2 < 0.06; Table 1).  270 

For joint EA magnitude, we identified significant main effects of sex (P = 0.018, η2 = 0.11) and 271 

joint (P < 0.001, η2 = 0.51).  Females absorbed greater energy collapsed across joints, and the 272 

magnitude of energy absorption was different for all joints (Knee > Ankle > Hip; Figure 2).  273 

However, no interaction between sex and joint was found (Sex x Joint interaction effect, P = 274 

0.788, η2 < 0.01; Figure 2).   275 

With respect to the biomechanical determinants of EA, we failed to identify a significant 276 

main effect for sex (P = 0.413, η2 = 0.01) or significant sex x joint interaction effect (P = 0.829, 277 

η2 < 0.01) for mean extensor moment (Table 1).  Similarly, no sex differences in mean angular 278 

joint velocity were identified during landings in the Preferred condition (Sex and Sex x Joint 279 

interaction effects, P > 0.05, η2 < 0.06; Table 1).  However, males and females exhibited 280 

significantly different mean extensor moment (Joint main effect, P < 0.001, η2 = 0.57; Table 1) 281 

and mean joint velocity (Joint main effect, P < 0.001, η2 = 0.83; Table 1) across joints (Knee > 282 

Ankle > Hip) during drop landings in the Preferred condition. 283 

Constrained landing conditions.  284 

Influence of Sex. Initial contact and peak joint flexion angles for males and females during the 285 

Erect and Flexed conditions are provided in Table 2.  While we identified significant sex x joint 286 

interaction effects for initial contact (P = 0.024, η2 = 0.08) and peak (P = 0.019, η2 = 0.09) joint 287 

flexion angles, post-hoc analyses indicated that males and females did not exhibit significantly 288 

different initial contact or peak hip, knee, or ankle joint angles, respectively (Table 2).  In 289 

addition, no significant main effect for sex; or sex x posture or sex x posture x joint interactions 290 



were identified for initial contact or peak joint angles during the constrained landing conditions 291 

(P > 0.05, η2 ≤ 0.06; Table 2). 292 

Figure 3 displays the mean EA magnitudes for males and females during Flexed and 293 

Erect landings.  Females exhibited greater EA across joints and conditions than males (Sex main 294 

effect, P = 0.001, η2 = 0.20); but no significant sex x joint (P = 0.824, η2 < 0.01), sex x posture 295 

(P = 0.830, η2 < 0.01), or sex x posture x joint (P = 0.242, η2 = 0.03) interactions were identified. 296 

The results for the biomechanical determinants of EA (joint angular velocity and  297 

extensor moment) are also presented in Table 2.  For both biomechanical determinants of EA, we 298 

failed to identify any significant sex x joint, sex x posture, or sex x posture x joint interactions (P 299 

> 0.05, η2 ≤ 0.05).  The main effect of sex for mean extensor moment was also not significant (P 300 

= 0.075, η2 = 0.07).  However, females demonstrated significantly greater mean angular 301 

velocities than males when collapsed across joints and constrained landing conditions (Sex main 302 

effect; P = 0.002, η2 = 0.18).   303 

Influence of Landing Posture. Peak and initial contact joint angles were significantly greater at 304 

all joints during the Flexed condition compared to the Erect condition (Posture x Joint interaction 305 

effects, P < 0.001, η2 ≥ 0.92; Table 2).  Males and females exhibited greater EA across joints in 306 

the Erect condition than in the Flexed condition (Posture main effect, P < 0.001, η2 = 0.21), and 307 

absorbed greater energy across conditions at the knee than at the hip (Joint main effect, P < 308 

0.001, η2 = 0.30; Figure 3).  Males and females both absorbed greater energy at the ankle in the 309 

Erect condition than in the Flexed condition, but no differences in the magnitude of EA at the hip 310 

or knee between constrained landing conditions were identified (Posture x Joint interaction, P = 311 

0.005, η2 = 0.11; Figure 3). 312 



For the biomechanical determinants of EA, we observed a significant posture x joint 313 

interaction effect (P = 0.003, η2 = 0.11) for mean extensor moment during the 100 ms 314 

immediately after impact.  Mean knee extensor moment was greater than mean ankle and hip 315 

extensor moment; and mean ankle extensor moment was greater than mean hip extensor moment 316 

during both constrained landing conditions (Table 2).  Further, the magnitude of mean knee 317 

extensor moment was about 7% greater in Flexed vs. Erect landings, but no significant 318 

differences in mean hip or ankle extensor moment were identified between these conditions 319 

(Table 2).  Finally, mean knee and ankle flexion angular velocities were greater than hip 320 

velocities in both Flexed and Erect conditions, but knee and ankle velocities were 9% and 12% 321 

lesser, respectively, in the Flexed condition than in the Erect condition (Posture x Joint 322 

interaction, P < 0.001, η2 = 0.29; Table 2).          323 

DISCUSSION 324 

The objectives of this investigation were to further investigate the potential existence of 325 

sex-specific EA strategies by evaluating the influences of sex and landing posture on joint EA 326 

and to examine the biomechanical determinants of EA to elucidate whether the mechanisms 327 

through which EA is achieved (i.e., joint angular velocity and moment) are influenced by sex and 328 

landing posture.  Our primary findings are that: 1) sex differences in individual joint EA are not 329 

present when the initial landing postures of males and females are similar during terminal drop 330 

landings; and 2) altering landing posture (i.e. knee flexion angle at ground contact) influences the 331 

magnitude of ankle and total lower extremity EA during the 100 ms following ground contact 332 

and the biomechanical determinants of joint EA.      333 

Influence of sex on individual joint EA.  Contrary to our hypothesis, we did not observe 334 

significant sex differences in initial contact or peak hip, knee, or ankle joint angles in healthy, 335 



recreationally active individuals performing drop landings using their preferred landing posture 336 

(Table 1). While these results are in contrast to previous research that reported that females 337 

landed with approximately 10˚ more ankle plantarflexion and 7 ˚ less knee flexion than males 338 

when completing the same landing task employed in our investigation (Decker et al., 2003); 339 

recent work suggests that sex differences in landing kinematics may be mitigated as the skill 340 

level of subjects increases (Bruton et al., 2013).  Given the apparent difficulty of completing 341 

landings in the Flexed and Erect conditions as evidenced by the high rate of subject attrition, it is 342 

likely that the male and female subjects who were able to successfully complete landings in all 343 

three conditions were more  athletic and that this increased skill level may underlie the lack of 344 

observed sex differences in initial landing posture during the Preferred condition (Table 1).  345 

Nonetheless, when utilizing similar, relatively erect postures during the Preferred condition, we 346 

did not identify sex differences in the magnitude of EA at the hip, knee, or ankle (Figure 2).  347 

Further, the relative joint contributions to total EA (i.e. sex-specific EA strategies) were also 348 

remarkably similar as all subjects exhibited the greatest contribution to total EA from the knee, a 349 

secondary contribution from the ankle, and a tertiary contribution from the hip (Figure 2).  The 350 

lack of sex differences in individual joint EA was also evident during the two constrained 351 

landing conditions where we experimentally manipulated males and females to land with similar 352 

lower extremity configurations.  Though artificially induced, our method for manipulating initial 353 

landing posture was successful, as there were no sex differences in hip, knee, or ankle joint 354 

angles at initial contact during the Erect or Flexed conditions (Table 2).  Moreover, as with the 355 

Preferred condition, there were also no sex differences in the individual magnitudes of hip, knee, 356 

and ankle EA; and similar relative joint contributions to total EA when males and females 357 

performed drop landings using the same initial landing postures (Figure 3).  Collectively, we 358 



believe that our results provide sufficient evidence to conclude that sex-specific feed-forward EA 359 

strategies do not exist in recreationally active adults. 360 

Influence of landing posture on individual joint EA.  In contrast to sex, initial landing posture 361 

does significantly influence the magnitude of individual joint EA; but only at the ankle.  In the 362 

Erect condition, all subjects absorbed greater energy at the ankle during the initial 100 ms of 363 

landing, but comparable magnitudes of EA at the hip and knee, respectively, than during the 364 

Flexed condition (Figure 3). Further, the relative joint contributions to total EA remained fairly 365 

consistent across conditions with mean differences (2-3%) that were much less than the 10-20% 366 

differences in hip and ankle contributions to total EA that have been previously reported between 367 

sexes (Decker et al., 2003) and following changes in landing height and technique (Zhang et al., 368 

2000) (Figure 3).  We suggest that our methods, which did not increase the demands of the task 369 

by changing drop height, but rather simply manipulated the initial landing posture; may not have 370 

imposed enough of a perturbation to the neuromuscular system to elicit a change in the landing 371 

strategy employed (i.e., relative joint contributions to EA). However, despite a consistent EA 372 

distribution strategy during the constrained landing tasks, subjects exhibited a greater magnitude 373 

of ankle EA, and thus greater total EA across joints, during the 100 ms immediately after ground 374 

contact when landing using an erect posture.  This greater magnitude of EA during the 100 ms 375 

after ground contact may be clinically relevant, as recent work indicates that greater total sagittal 376 

plane EA during this time period in individuals performing double leg jump landings likely 377 

increases ACL loading due to sagittal plane mechanisms (Norcross et al., 2013a).  However, 378 

given the inherent differences between the terminal drop landing and jump landing tasks, 379 

generalizing these findings to the current results is speculative.  Regardless, it is clear that the 380 



greater total EA observed during the Erect landing condition was primarily driven by increased 381 

EA at the ankle as no significant increase in the magnitudes of hip or knee EA were identified.      382 

Influence of sex on biomechanical determinants of EA.  The second aim of this investigation 383 

was to evaluate whether the joint angular velocity and moment profiles that actually determine 384 

the magnitude of joint EA are influenced by sex and landing posture.  As with joint EA 385 

magnitude, we did not identify any significant interactions between sex and joint or posture for 386 

mean extensor moment and angular velocity during the constrained landings.  Further, there was 387 

not a sex main effect for mean joint extensor moment.  However, we did identify a main effect 388 

for sex during the constrained conditions whereby females exhibited greater mean angular 389 

velocities than males across joints and conditions (Figure 4).  This greater angular velocity in 390 

females likely underlies the greater EA (sex main effect) noted during the constrained landing 391 

conditions (Figure 2).  Though not large enough to be statistically significant at the individual 392 

joint level, it is likely that slight increases in joint angular velocity coupled with similar joint 393 

moment profiles results in slightly greater joint EA magnitudes in females, but that these sex 394 

differences in angular velocity and EA are only statistically significant when collapsed across 395 

joints.      396 

Influence of landing posture on biomechanical determinants of EA.  Similar to joint EA 397 

magnitude, we observed that landing posture seemed to have a greater influence on joint 398 

extensor moment and velocity than sex, but that this influence was joint-specific.  At the hip, 399 

mean extensor moment and angular velocity were not different during Flexed and Erect landings, 400 

which resulted in no difference in the magnitude of energy absorbed by the hip during the two 401 

constrained landing conditions.  Conversely, the magnitude of ankle EA was greater during Erect 402 

landings with this increase driven by changes in ankle angular velocity as the mean ankle 403 



extensor moment did not differ during Flexed and Erect landings.  Mean ankle angular velocity 404 

was 12% greater in the Erect condition than in the Flexed condition, and when combined with 405 

the similar ankle extensor moment resulted in approximately 14% greater ankle EA during Erect 406 

vs. Flexed landings.  407 

At the knee, subjects absorbed the same magnitude of energy in both Flexed and Erect 408 

conditions, but did so through different underlying mechanisms.  Landings in the Flexed 409 

condition required subjects to generate approximately 7% greater mean knee extensor moment to 410 

offset about 9% lesser mean knee angular velocity than in Erect landings (Figure 4).  411 

Collectively, these results are particularly impactful because they illustrate the delicate interplay 412 

between joint moment and joint angular velocity that combine to determine the magnitude of 413 

joint EA.  While landing posture did not influence the absolute magnitude of EA absorbed at the 414 

knee; it did influence the means through which that EA was achieved.  As a result, these results 415 

provide a potential explanatory mechanism for previous work that has reported more extended 416 

knee postures at initial contact during landings in fatigued vs. non-fatigued conditions (Chappell 417 

et al., 2005; Benjaminse et al., 2008).  During fatigued conditions, when the moment production 418 

capacity of the knee extensors is reduced, individuals might adopt a more erect landing posture 419 

that would decrease the mean knee extensor moment requirement, but allow for increased knee 420 

joint angular velocity in order to maintain the magnitude of energy absorbed by the knee. 421 

Consequently, despite reductions in the force-producing capacity of the quadriceps, the knee 422 

could remain as the primary contributor to whole body center of mass deceleration and allow for 423 

successful completion of movement tasks, even though the use of a more erect landing posture 424 

might increase the risk for injury.  425 



Limitations. The primary limitation of this investigation is the potential that landings in the 426 

Flexed and Erect conditions were not representative of an individual’s true landing performance 427 

due to the artificial manner in which we induced the desired landing postures.  Given our desire 428 

to systematically manipulate and standardize initial landing postures across all subjects, it was 429 

necessary to employ a novel experimental method at the risk of potentially influencing landing 430 

performance. As a consequence of this limitation, we specifically chose not to compare the 431 

Flexed and Erect landing conditions directly to the Preferred condition, but instead opted to only 432 

compare these constrained landing conditions to each other.  A second limitation is that the 433 

landing task employed (60 cm terminal drop landing) is not as closely associated with actual 434 

sporting maneuvers.  However, terminal drop landing tasks have been employed in previous 435 

landing-related biomechanical studies (Decker et al., 2003; Blackburn & Padua, 2008) and the 436 

use of this task was necessary so that we could successfully manipulate and experimentally 437 

control the initial landing postures of our subjects.  Further, while we chose to utilize a 60 cm 438 

drop height in order to replicate previous work (Decker et al., 2003), we can not rule that slight 439 

differences in the relative loading between subjects may have influenced the landing strategy 440 

observed.  A final limitation is the high attrition rate that was associated with the constrained 441 

landing conditions.  While the subset of successful subjects displayed similar landing 442 

biomechanics to the entire sample during the Preferred condition, it is likely these subjects were 443 

more athletic than a traditional, recreationally active population.           444 

PERSPECTIVE 445 

When using similar lower extremity postures at initial contact, males and females did not exhibit 446 

differences in joint EA suggesting that the sex-specific EA strategies proposed by previous 447 

investigators do not exist. However, initial landing posture does influence individual joint 448 



energetics during drop landings.  Compared to a Flexed landing posture, subjects absorbed 449 

greater energy at the ankle in the initial 100 ms of landing when using a more erect posture at 450 

initial contact, irrespective of sex.  The increased ankle EA, driven by increased ankle joint 451 

angular velocity coupled with similar mean ankle extensor moment, contributed to greater total 452 

EA during landing.  This study also elucidated an underlying mechanism through which knee 453 

joint EA can be maintained during landing by reducing mean knee extensor moment but 454 

increasing knee angular velocity during the 100 ms immediately after ground contact.  In 455 

situations where knee extensor  moment production is impaired such as through weakness or 456 

fatigue, an individual could adopt a more erect landing posture to allow for successful 457 

completion of a landing task (i.e., adequate EA to control motion of the whole body center of 458 

mass), but at a potential cost of placing the knee in a less favorable position relative to injury 459 

risk.   460 
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FIGURE LEGEND 569 
 570 
Figure 1. Experimental set-up and drop bar used during the constrained landing conditions. 571 
 572 
Figure 2. Influence of sex on individual joint EA during the Preferred landing condition. 573 
Significantly more energy was absorbed at knee than at the ankle and hip (*) and at the ankle 574 
than at the hip (†).   575 
 576 
Figure 3. Influence of sex and landing posture on individual joint EA during constrained landing 577 
conditions. Significantly less energy was absorbed in the 100 ms after ground contact at the 578 
ankle (*) and across all joints (†) when landing with a Flexed vs. Erect posture.   579 
 580 
Figure 4. Ensemble (A) joint angular velocity and (B) net joint moment curves of males (black) 581 
and females (gray) performing Flexed and Erect landings. Means (solid lines) and 95% CIs 582 
(dashed lines) are shown with hip, knee, and ankle flexion velocities and moments (-) by 583 
convention.  All data have been time-normalized from initial contact to the minimum vertical 584 
position of the whole body center of mass. Solid vertical lines indicate 100 ms after initial 585 
contact. 586 
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Table 1. Preferred landing condition results. 616 
  All Subjects 

 (n = 78) 
 Successful Subjects 

 (n = 49) 
  Females (n = 39) Males (n = 39)  Females (n = 21) Males (n = 28) 

Angle at Initial 
Contact (˚) 

Hip  15.7 (  12.8,  18.5)  12.5 (    9.7,  15.3) Hip  15.2 (  11.5,  19.0)  12.0 (    8.7,  15.2) 
Knee  15.0 (  12.2,  17.8)  17.7 (  14.9,  20.4) Knee  17.6 (  13.8,  21.3)  16.9 (  11.5,  19.0) 
Anklea,b -46.5 (-50.4, -42.7)c -40.4 (-44.2, -36.6) Anklea,b -46.1 (-51.7, -40.6) -41.7 (-46.5, -36.8) 

       

Peak Joint 
Flexion (˚) 

Hipd  50.0 (43.8, 56.2)  45.4 (39.3, 51.6) Hipd  52.5 (43.3, 61.6)  44.5 (36.6, 52.4) 
Knee  78.5 (72.7, 84.2)  78.9 (73.2, 84.6) Knee  81.0 (72.7, 89.3)  78.3 (71.1, 85.4) 
Anklea,b  13.8 (10.7, 17.0)  14.4 (11.3, 17.6) Anklea,b  12.8 (  7.8, 17.7)  14.7 (10.4, 19.0) 

       

Mean Angular 
Velocity100 (˚/s)e 

Hipd,f 263.7 (237.6, 289.7)  237.1 (211.1, 263.1) Hipd,f  283.8 (245.8, 321.7)  230.6 (197.7, 263.4) 
Knee 536.9 (511.3, 562.4)  506.3 (480.8, 531.8) Knee  541.2 (506.0, 576.4)  509.8 (479.3, 540.3) 
Ankle 510.1 (480.8, 539.4)  469.8 (440.4, 499.1) Anklea  491.0 (452.2, 529.9)  482.6 (448.9, 516.2) 

       

Mean Extensor 
Moment100

*
  

Hipd, f 0.002 (-0.010,  0.014)c 0.021 (0.009, 0.034) Hipd, f 0.020 (0.003, 0.037) 0.021 (0.006, 0.035) 
Knee 0.111 (0.102, 0.121) 0.097 (0.087, 0.106) Knee 0.104 (0.091, 0.117) 0.100 (0.089, 0.111) 
Anklea 0.053 (0.045, 0.062) 0.055 (0.046, 0.063) Anklea 0.060 (0.049, 0.072) 0.054 (0.044, 0.064) 

Mean (95% CI). Hip flexion, knee flexion, and ankle dorsiflexion angles and velocities are positive (+) by convention. 617 
 618 
*
 Normalized to body weight x height (N·m·[N·m]-1) 619 

a Ankle < knee (P < 0.05). 620 
b Ankle < hip (P < 0.05). 621 
c Females different than males (P < 0.05). 622 
d Hip < knee (P < 0.05). 623 
e Main effect for sex with females > males in all subjects only (P < 0.05). 624 
f Hip < ankle (P < 0.05). 625 
 626 
 627 
 628 

Table 2. Constrained landing condition results for subset of successful female (n = 21) and 629 
male (n = 28) subjects. 630 

  Erect Condition  Flexed Condition 
  Females  Males   Females  Males  

Angle at Initial 
Contact (˚)a 

Hip  14.7 (  10.1,  19.4)  13.0 (    8.9,  17.0) Hipb  27.9 (  23.9,  32.0)  25.3 (  21.8,  28.8) 
Knee  19.5 (  18.6,  20.4)  19.7 (  18.9,  20.6) Kneeb  34.0 (  33.0,  35.1)  33.8 (  32.9,  34.7) 
Ankle -46.3 (-51.2, -41.5) -38.7 (-42.7, -34.5) Ankleb -38.2 (-43.8, -32.6) -31.2 (-36.1, -26.4) 

       

Peak Joint 
Flexion (˚)a 

Hip  51.7 (42.4, 61.1)  41.2 (33.1, 49.3) Hipb  70.9 (62.6,   79.2)  58.0 (50.8, 65.1) 
Knee  80.8 (74.8, 86.7)  74.0 (68.8, 79.2) Kneeb  96.1 (90.0, 102.1)  88.5 (83.2, 93.7) 
Ankle  14.3 (10.5, 18.2)  16.0 (12.7, 19.4) Ankleb  18.2 (14.3,   22.2)  18.3 (14.9, 21.7) 

       

Mean Angular  
Velocity100 (˚/s)c 

Hip 284.8 (240.9, 328.9)  206.8 (168.7, 244.9) Hip  290.5 (252.7, 328.3)  201.2 (168.4, 233.9) 
Knee 490.3 (452.7, 527.8)  436.4 (403.9, 468.9) Kneed  441.2 (410.5, 471.9)  394.2 (367.6, 420.8) 
Ankle 494.6 (452.9, 536.4)  462.2 (426.0, 498.3) Ankled  432.3 (387.5, 477.2)  410.1 (371.3, 449.0) 

       

Mean Extensor 
Moment100

*, e
  

Hip 0.022 (0.005, 0.039) 0.020 (0.005, 0.035) Hip 0.028 (0.011, 0.045) 0.022 (0.007, 0.036) 
Knee 0.083 (0.071, 0.095) 0.082 (0.072, 0.093) Kneeb 0.089 (0.077, 0.101) 0.088 (0.077, 0.098) 
Ankle 0.061 (0.051, 0.072) 0.048 (0.039, 0.058) Ankle 0.057 (0.047, 0.066) 0.047 (0.039, 0.055) 

Mean (95% CI). Hip flexion, knee flexion, and ankle dorsiflexion angles and velocities are positive (+) by convention. 631 
 632 

*
 Normalized to body weight x height (N·m·[N·m]-1) 633 

a Main effects for posture (flexed > erect) and joint (knee > hip > ankle) (P < 0.05). 634 
b Posture x joint interaction with flexed > erect (P < 0.05). 635 
c Main effects for posture (erect > flexed), joint (knee and ankle > hip), and sex (females > males) (P < 0.05). 636 
d Posture x joint interaction with flexed < erect (P < 0.05). 637 
e Main effects for posture (flexed > erect) and joint (knee > ankle > hip) (P < 0.05). 638 
 639 
 640 



Figure 1 641 
 642 

 643 
 644 
 645 
 646 
 647 
Figure 2 648 
 649 
 650 

 651 
 652 
 653 
 654 
 655 



Figure 3 656 
 657 
 658 

 659 
Figure 4 660 
 661 

 662 


	Marc F. Norcross, PhD, ATC
	Telephone: (541) 737-6788
	Fax: (541) 737-6613



