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The purpose of the present study was to compare the variability of movement and force 
production in ACL rehabilitated volunteers during landing from a maximal drop jump. 
Male (n=6) and female (n=7) volunteers with previous ACL reconstruction and 
rehabilitation performed a maximal drop jump diagonal side cut task (x20 trials). Knee 
and hip joint kinematics in all three planes were calculated during the landing component 
of the task. The range of motion (ROM) of the hip and knee joint, showed differences 
between the legs. The previously injured leg showed smaller ROM in hip and knee ab-
adduction and knee flexion extension. The decreased range of motion in the previously 
injured leg may be indicative of a less variable landing movement repertoire, which may 
increase injury risk. 
 
KEY WORDS: Anterior Cruciate Ligament, hip, joint angles, knee, maximal drop jump.  
 

INTRODUCTION: Anterior cruciate ligament (ACL) injuries are recognised as one of the 
most common and serious sports injuries with upwards of 250,000 ACL injuries occurring in 
the United States each year (Boden et al. 2000). Reconstructive surgery is typically 
recommended to restore the knee joint stability and function after ACL injury. Almost 80% of 
athletes undergoing surgery are unable to successfully return to preinjury-level sport 
participation and therefore quit their sports (Chong et al., 2004, Lilley et al., 2002, Soderman 
et al., 2002). Athletes who are successful in returning to their sport have been shown to be at 
an increased risk of repeated ACL injury and knee osteoarthritis. Previous research has 
suggested this could be a consequence of the knee joint kinematics that have not been fully 
restored by the reconstructive surgery and the rehabilitation that follows (Papannagari et al., 
2006 and Brandsson et al., 2002). Movements most commonly associated with ACL injury 
include, landing and rapid movements involving changes of direction (Myklebust et al. 1997 
and Olsen et al. 2004). Landing from a jump is regarded as a multi-segmental coordinated 
activity which places high demand on the lower extremity to absorb ground reaction forces 
(Decker et al., 2003, McNitt 2003, Paterno et al., 2007). Compensations can occur between 
joints and legs to maintain performance where a single joint such as the knee has been 
compromised by injury (Gauffin and Tropp 1992, Risberg et al., 2009, Gokeler et al., 2009). 
Previous research assessing the landing technique of ACL rehabiltated athletes has used the 
first landing period of the drop jump i.e. the land from the drop. The second landing phase 
i.e. landing from the drop-jump, has not been previously investigated in this population is 
thought it may more accurately replicate match situations especially when the jump is 
performed maximally to an overhead target. The current study aimed to determine whether 
rehabilitated ACL individuals (ACLr) were left with residual deficits in landing performance in 
their previously injured leg after their rehabilitation programs. Knee and hip joint kinematics in 
all 3 planes were compared between the previously injured and non-injured leg. It was 
hypothesised that the previously injured leg would display different landing technique to the 
non-injured control leg. 
 
METHOD: Subjects included six males and seven females (age 23 ± 2 yrs; height 1.74 ± 
0.09 m; mass 75.4 ± 19 kg). All subjects were deemed successfully rehabilitated as they all 
had returned to full competitive participation in their chosen sport. To further ensure full 
rehabilitation, all subjects underwent a screening process which included completion of 3 
different hopping tests, IKDC Knee injury evaluation questionairre, and also a custom 
designed form assessing details of previous knee injury and current playing experience. 
Following screening and maximum drop jump reach height assessment, subjects completed 
20 trials of a dynamic task. This involved dropping from a 0.30 m bench, and performing an 
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Figure 4: Variation between peak VGRF and ankle/knee flexion as landing height & distance 
increases  
    

CONCLUSION: It was inferred from the results of this study that the distance of landing will 
more likely lead to an increased risk of non-contact ACL injury than height of landing, 
especially for the female subject. In addition, the ankle and knee flexion may be better able 
to attenuate the ground reaction force over increasing height and distance compared to an 
increase in hip and trunk flexion. Finally, risk factors to non-contact ACL injury during single-
leg landing for male and female subjects may be different from each other, and 
consequently, different methods of prevention may be advised. These findings should be 
approached within the limitations of this study, and cannot be generalized especially since 
non-contact ACL injuries likely occur when several extreme conditions or risk factors happen 
concurrently.  
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◊ = effect size > 0.5, * = p-value <0.05 
Figure 2: Hip and knee, joint angles at ground contact and range of motion. 
 
DISCUSSION: This study aimed to determine whether rehabilitated ACL individuals (ACLr) 
were left with residual deficits in landing performance in their previously injured leg. Knee 
and hip joint kinematics in all 3 planes were compared between the previously injured and 
non-injured leg. It was hypothesised that the previously injured leg would display different 
landing technique to the non-injured control leg. Apart from knee flexion-extension, there 
were no differences between the control and previously injured legs for the maxima and 
minima of hip and knee joint angles. This is interesting, as previous work has found inter-limb 
compensations with hip and ankle joints compensating for the decreased work at the knee 
(Decker et al., 2003). The one notable difference between legs for joint angle maxima and 
minima showed the knee on the control leg had increased flexion angle. This increased knee 
flexion may indicate that the control leg was required to absorb more of the landing and 
therefore required increased flexion at the knee. The lower levels of knee flexion on the 
previously injured leg may also be of concern, as low knee flexion is a risk factor for ACL 
injury (Boden et al. 2000). The joint angles values including knee flex-extension did not show 
any differences between legs at ground contact, which indicates no increased injury risk due 
to increased knee extension in the previously injured leg at that point in time. Differences in 
ROM between legs showed that the hip and knee joints of the control leg moved through a 
greater range of motion than the previously injured leg, with significant differences and 
medium-large effects shown in hip and knee ab-adduction and knee flex-extension. The 
increased ROM at hip and knee of the control leg may indicate a intra-limb compensation 
where the control leg is required to control the landing to a greater extent than the previously 
injured leg using a different landing movement pattern. Whether or not the previously injured 
leg has a different landing movement pattern needs to be investigated to a deeper level, 
investigation of the joint angles time series’ and joint coupling patterns may provide more 
information to shed further light on this finding. The inherent differences that exist between 
healthy dominant and non-dominant legs also needs to be examined as this may be masking 
or causing differences between the control and previously injured leg. 
 
CONCLUSION: The principal differences between the legs were shown in the ROM of hip 
and knee joint angles between legs. The hip and knee joints of the control leg moved through 
a larger range of motion than the previously injured leg, especially hip and knee ab-adduction 
and knee flexion extension. The increased range of motion in the control leg in combination 
with the finding of increased knee flexion may be indicative of an altered landing movement 
pattern needed to compensate for the previously injured leg. The role of leg dominance and 
further measures of movement patterns and joint coupling/coordination need to be 
investigated before any concrete recommendations can be made on this finding. 

immediate drop and jump to reach and touch a target suspended at their maximum drop 
jump reach height. The suspended target triggered a directional cueing system which 
randomly indicated which direction the subject had to run diagonally to on landing. The 
subjects completed 10 trials running diagonally to the left 10 trials to the right. 
Data Collection: Kinematic and kinetic data were acquired using a six-camera high-speed 
motion analysis system (Eagle; Motion Analysis Corp., Santa Rosa, CA) sampling at 500Hz 
and synchronised with an AMTI dual force platform system sampling at 1000 Hz. Reflective 
markers (43) were secured on the asis, psis, sacrum, iliac crest, greater trochanter, medial 
and lateral epicondoyle and malleolus, upper and lower calcaneous, 2nd and 5th metatarsal 
of both legs. Marker clusters consisting of four markers were also placed on the thigh and 
shank (Pollard et al., 2005). Each subject stood in relaxed stance with knees fully extended 
for a static trial prior to full data collection. All kinematic data was filtered using a Butterworth 
4th order, zero lag filter with a 15 Hz frequency cut-off  (Winter, 2009).  
Data Analysis: The landing period was defined separately for both legs bilaterally by the 
vertical ground reaction force >10N indicating touch down (Cowley et al., 2006) and the end 
weight acceptance period defined the end of the landing. As in many previous publications, 
knee and hip joint kinematics were calculated in Visual 3d (Pollard et al., 2005). Knee and 
hip angles of flexion-extension, abduction-adduction and rotation were calculated for both 
legs. The following discrete measures were reported for both legs, maximum, minimum, 
range of motion and values at ground contact.The differences between the mean scores of 
the previously injured and control leg were assessed by a repeated measures ANOVA (with 
 = 0.05). Cohen’s dz was used to evaluate effect sizes. 
 
RESULTS: Average maximum and minimum hip and knee joint angles for both legs are 
shown in Figure 1. (a & b). There were no significant differences between legs for maximum 
and minimum hip and knee angles. A moderate effect size did show however, that the control 
leg had a greater minimum knee flexion angle (dz = 0.594); (i.e. increased knee flexion) this 
with a p-value of 0.06 shows a notable difference. Average values for joint angles at ground 
contact for both legs are shown in Figure 1 (b). No significant differences or moderate-large 
effects (dz>0.5) were shown between legs for the measured joint angles at ground contact 
(Figure 2 (a)). Average values for joint angle ROM for both legs are in Figure 2 (b). Greater 
ROM is reported in the control leg for a number of joint angles; hip flexion-extension (p= 
0.017, dz= 0.54, average difference between legs = 3.8°), hip rotation (p>0.1, dz = 0.62, 
average difference between legs = 2.2°), knee flexion-extension (p= 0.02, dz=0.902, average 
difference between legs = 2.8°) and knee abduction-adduction (p= 0.09, dz= 0.53, average 
difference between legs = 1.4°). 
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Figure 1: Maximum and minimum joint angles, of hip and knee. 
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Figure 2: Hip and knee, joint angles at ground contact and range of motion. 
 
DISCUSSION: This study aimed to determine whether rehabilitated ACL individuals (ACLr) 
were left with residual deficits in landing performance in their previously injured leg. Knee 
and hip joint kinematics in all 3 planes were compared between the previously injured and 
non-injured leg. It was hypothesised that the previously injured leg would display different 
landing technique to the non-injured control leg. Apart from knee flexion-extension, there 
were no differences between the control and previously injured legs for the maxima and 
minima of hip and knee joint angles. This is interesting, as previous work has found inter-limb 
compensations with hip and ankle joints compensating for the decreased work at the knee 
(Decker et al., 2003). The one notable difference between legs for joint angle maxima and 
minima showed the knee on the control leg had increased flexion angle. This increased knee 
flexion may indicate that the control leg was required to absorb more of the landing and 
therefore required increased flexion at the knee. The lower levels of knee flexion on the 
previously injured leg may also be of concern, as low knee flexion is a risk factor for ACL 
injury (Boden et al. 2000). The joint angles values including knee flex-extension did not show 
any differences between legs at ground contact, which indicates no increased injury risk due 
to increased knee extension in the previously injured leg at that point in time. Differences in 
ROM between legs showed that the hip and knee joints of the control leg moved through a 
greater range of motion than the previously injured leg, with significant differences and 
medium-large effects shown in hip and knee ab-adduction and knee flex-extension. The 
increased ROM at hip and knee of the control leg may indicate a intra-limb compensation 
where the control leg is required to control the landing to a greater extent than the previously 
injured leg using a different landing movement pattern. Whether or not the previously injured 
leg has a different landing movement pattern needs to be investigated to a deeper level, 
investigation of the joint angles time series’ and joint coupling patterns may provide more 
information to shed further light on this finding. The inherent differences that exist between 
healthy dominant and non-dominant legs also needs to be examined as this may be masking 
or causing differences between the control and previously injured leg. 
 
CONCLUSION: The principal differences between the legs were shown in the ROM of hip 
and knee joint angles between legs. The hip and knee joints of the control leg moved through 
a larger range of motion than the previously injured leg, especially hip and knee ab-adduction 
and knee flexion extension. The increased range of motion in the control leg in combination 
with the finding of increased knee flexion may be indicative of an altered landing movement 
pattern needed to compensate for the previously injured leg. The role of leg dominance and 
further measures of movement patterns and joint coupling/coordination need to be 
investigated before any concrete recommendations can be made on this finding. 
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Figure 2: Hip and knee, joint angles at ground contact and range of motion. 
 
DISCUSSION: This study aimed to determine whether rehabilitated ACL individuals (ACLr) 
were left with residual deficits in landing performance in their previously injured leg. Knee 
and hip joint kinematics in all 3 planes were compared between the previously injured and 
non-injured leg. It was hypothesised that the previously injured leg would display different 
landing technique to the non-injured control leg. Apart from knee flexion-extension, there 
were no differences between the control and previously injured legs for the maxima and 
minima of hip and knee joint angles. This is interesting, as previous work has found inter-limb 
compensations with hip and ankle joints compensating for the decreased work at the knee 
(Decker et al., 2003). The one notable difference between legs for joint angle maxima and 
minima showed the knee on the control leg had increased flexion angle. This increased knee 
flexion may indicate that the control leg was required to absorb more of the landing and 
therefore required increased flexion at the knee. The lower levels of knee flexion on the 
previously injured leg may also be of concern, as low knee flexion is a risk factor for ACL 
injury (Boden et al. 2000). The joint angles values including knee flex-extension did not show 
any differences between legs at ground contact, which indicates no increased injury risk due 
to increased knee extension in the previously injured leg at that point in time. Differences in 
ROM between legs showed that the hip and knee joints of the control leg moved through a 
greater range of motion than the previously injured leg, with significant differences and 
medium-large effects shown in hip and knee ab-adduction and knee flex-extension. The 
increased ROM at hip and knee of the control leg may indicate a intra-limb compensation 
where the control leg is required to control the landing to a greater extent than the previously 
injured leg using a different landing movement pattern. Whether or not the previously injured 
leg has a different landing movement pattern needs to be investigated to a deeper level, 
investigation of the joint angles time series’ and joint coupling patterns may provide more 
information to shed further light on this finding. The inherent differences that exist between 
healthy dominant and non-dominant legs also needs to be examined as this may be masking 
or causing differences between the control and previously injured leg. 
 
CONCLUSION: The principal differences between the legs were shown in the ROM of hip 
and knee joint angles between legs. The hip and knee joints of the control leg moved through 
a larger range of motion than the previously injured leg, especially hip and knee ab-adduction 
and knee flexion extension. The increased range of motion in the control leg in combination 
with the finding of increased knee flexion may be indicative of an altered landing movement 
pattern needed to compensate for the previously injured leg. The role of leg dominance and 
further measures of movement patterns and joint coupling/coordination need to be 
investigated before any concrete recommendations can be made on this finding. 

immediate drop and jump to reach and touch a target suspended at their maximum drop 
jump reach height. The suspended target triggered a directional cueing system which 
randomly indicated which direction the subject had to run diagonally to on landing. The 
subjects completed 10 trials running diagonally to the left 10 trials to the right. 
Data Collection: Kinematic and kinetic data were acquired using a six-camera high-speed 
motion analysis system (Eagle; Motion Analysis Corp., Santa Rosa, CA) sampling at 500Hz 
and synchronised with an AMTI dual force platform system sampling at 1000 Hz. Reflective 
markers (43) were secured on the asis, psis, sacrum, iliac crest, greater trochanter, medial 
and lateral epicondoyle and malleolus, upper and lower calcaneous, 2nd and 5th metatarsal 
of both legs. Marker clusters consisting of four markers were also placed on the thigh and 
shank (Pollard et al., 2005). Each subject stood in relaxed stance with knees fully extended 
for a static trial prior to full data collection. All kinematic data was filtered using a Butterworth 
4th order, zero lag filter with a 15 Hz frequency cut-off  (Winter, 2009).  
Data Analysis: The landing period was defined separately for both legs bilaterally by the 
vertical ground reaction force >10N indicating touch down (Cowley et al., 2006) and the end 
weight acceptance period defined the end of the landing. As in many previous publications, 
knee and hip joint kinematics were calculated in Visual 3d (Pollard et al., 2005). Knee and 
hip angles of flexion-extension, abduction-adduction and rotation were calculated for both 
legs. The following discrete measures were reported for both legs, maximum, minimum, 
range of motion and values at ground contact.The differences between the mean scores of 
the previously injured and control leg were assessed by a repeated measures ANOVA (with 
 = 0.05). Cohen’s dz was used to evaluate effect sizes. 
 
RESULTS: Average maximum and minimum hip and knee joint angles for both legs are 
shown in Figure 1. (a & b). There were no significant differences between legs for maximum 
and minimum hip and knee angles. A moderate effect size did show however, that the control 
leg had a greater minimum knee flexion angle (dz = 0.594); (i.e. increased knee flexion) this 
with a p-value of 0.06 shows a notable difference. Average values for joint angles at ground 
contact for both legs are shown in Figure 1 (b). No significant differences or moderate-large 
effects (dz>0.5) were shown between legs for the measured joint angles at ground contact 
(Figure 2 (a)). Average values for joint angle ROM for both legs are in Figure 2 (b). Greater 
ROM is reported in the control leg for a number of joint angles; hip flexion-extension (p= 
0.017, dz= 0.54, average difference between legs = 3.8°), hip rotation (p>0.1, dz = 0.62, 
average difference between legs = 2.2°), knee flexion-extension (p= 0.02, dz=0.902, average 
difference between legs = 2.8°) and knee abduction-adduction (p= 0.09, dz= 0.53, average 
difference between legs = 1.4°). 

0

20

40

60

80

100

Hi
p 

An
gl

e 
(d

eg
)

Control Leg                      Previously Injured Leg

Flex-Extension_min Ab-Adduction_Min
Rotation_Min Flex-Extension_max
Ab-Adduction_max Rotation_Max

 (a) 
-100

-95

-90

-85

-80

-75

-70

-65

-60

-55

Kn
ee

 A
ng

le
 (d

eg
)

Control Leg                      Previously Injured Leg

Flex-Extension_min Ab-Adduction_min
Rotation_min Flex-Extension_max
Ab-Adduction_max Rotation_max

◊

  (b) 
Figure 1: Maximum and minimum joint angles, of hip and knee. 
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DOES TECHNIQUE CHANGE AFFECT MUSCULAR SUPPORT AT THE KNEE IN 
SIDESTEP CUTTING? 

 
Alasdair R Dempsey1,2, Bruce C Elliott1 and David G Lloyd1,2 

 
School of Sport Science, Exercise and Health, The University of Western 

Australia, Crawley, Western Australia, Australia1 

Musculoskeletal Research Program, Griffith Health Institute, Griffith University, 
Gold Coast, Queensland, Australia2 

 
Technique modification can reduce knee loads during sidestepping but its effect on 
muscular support has yet to be identified.  Electromyography data was collected from ten 
muscles during sidestepping under planned and unplanned conditions, prior to and 
following training.  Flexion/Extension and Medial/Lateral co-contraction ratios and total 
activation were calculated for pre-contact and weight acceptance phases. The only 
observed change due to training was unplanned tasks becoming more laterally 
dominated and planned tasks more medially.  While significant these changes are non-
functional as the ratios still represent high levels of co-contraction.  Technique 
modification training should lower anterior cruciate ligament loads as it results in reduced 
knee moments but similar levels of muscular support, thus lowering the risk of injury. 
 
KEY WORDS: Injury Prevention, Anterior Cruciate Ligament, Electromyography. 

 
INTRODUCTION: Anterior cruciate ligament (ACL) injuries are a severe and debilitating 
injury which occurs with unfortunate regularity in sport. Luckily, from an injury prevention 
perspective, the majority of these injuries occur with no contact with an opposition player or 
implement, making them an ideal target for injury prevention (Cochrane et al., 2007). The 
ACL’s primary function is to prevent anterior drawer of the tibia, however it is also loaded by 
valgus and internal rotation moments applied to the knee (Markolf et al., 1995). It has 
subsequently been argued in the literature that internal rotation and in particular valgus 
moments are required for injury (Cochrane et al., 2007, McLean et al., 2004).  High levels of 
valgus and internal rotation loads have been identified in sidestep cutting tasks, increasing 
when the task is performed in an unplanned manner, reflecting actual injuries (Besier et al., 
2001, Cochrane et al., 2007). While the loads experienced at the knee are greater than that 
able to be supported by the ACL on its own, athletes do not rupture their ACL each and 
every time they undertake a sidestep cut (Besier et al., 2001). While some of the load is 
absorbed by the other ligaments and bony structures in the knee much of it is absorbed by 
the muscles crossing the knee. This support can be readily measured in the laboratory by 
identify the co-contraction of muscles crossing the knee (Besier et al., 2003). This can further 
be refined to identify co-contraction directed to absorb a specific load such as a valgus load 
where comparing the muscles inserting on the medial side of the knee to those on the lateral 
side of the knee gives level of directed co-contraction (Besier et al., 2003). It has been 
proposed that interventions targeting ACL injuries should have balance, plyometric and 
technique components (Hewett et al., 2007, Lloyd, 2001). Recently it has been shown that 
technique is related to knee moments and that technique modification training is capable of 
reducing the valgus moment experienced during both planned and unplanned sidestep cuts 
(Dempsey et al., 2009, Dempsey et al., 2007). While this reduction in moment is, at face 
value, beneficial in terms of reducing an athlete’s risk of ACL injury, if this reduction was 
accompanied by a reduction in the levels of muscular support at the knee this benefit may 
disappear. To date the effect of technique modification training on the muscular support of 
valgus loads has yet to be reported.  This is the aim of this paper. 
 
METHODS:  During our previous study were we identify that technique modification training 
was capable of reducing valgus knee moments (Dempsey et al., 2009) we also collected 
electromyography (EMG) data from ten muscles crossing the knee. Briefly the methods were 
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