Kinematics and Kinetics Predictor of Proximal Tibia Anterior Shear Force during Single Leg Drop Landing
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AB S T RAC T
Purpose: The purpose of this study was to investigate the kinematic and kinetic variables, which
predict anterior tibia shear force during single-leg landing in female athletes.
Methods: Forty-three subjects (mean and standard deviation for age 21.12 ± 2.00 y, height
168.58 ± 7.62 cm, and weight 60.27 ± 7.80 kg) participated in this study. Kinematic and kinetic
variables of lower extremity and trunk during single-leg landing were collected by 5 Vicon
cameras and Kistler force plate. Stepwise multiple regression and Pearson correlation were used
to identify predictor variables of anterior shear force (P ≤ 0.05).
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Results: Peak of extensor moment (P = 0.004, r = -0.394) and maximum knee flexion (P =
0.007, r = -0.370) were the best predictors that explained 30% of the variance of the shear force
data. Therefore, rise in maximum extensors moment of knee and knee maximum flexion causes
increase and decrease in anterior shear force, respectively. In addition, a significant relationship
between trunk flexion (P = 0.039) and knee flexion angular velocity (P = 0.048) at the moment of
initial contact with the anterior shear force.
Conclusion: On the basis of previous research, and the relationship between clinical findings,
the noncontact of anterior cruciate ligament injury during landing was confirmed. These results
can be used in prospective studies examining modifiable noncontact risk factors of ACL injury.

1. Introduction

nterior cruciate ligament (ACL) injuries are
serious concerns for physically active children and adolescents [1]. Female athletes
participating in jumping, cutting, and pivoting team sports such as football, basketball,
and volleyball are often claimed to have
a 4–6 times higher ACL risk injury compared to their
male counterparts [2]. At least 70% of ACL injuries are
noncontact in nature [1] . Previous descriptive studies of
noncontact ACL injury mechanisms have indicated that

injuries occur shortly after initial contact via a landing or
deceleration motion with minimal or no contact in 70%
of cases [3, 4]. Most noncontact ACL injuries occur during sport activities involving single-leg landings [5].
Single-leg landing is a common athletic maneuver
performed during sports such as basketball, volleyball,
soccer, and badminton [6]. In a jump landing event, the
landing phase is more stressful to ACL than the takeoff
phase [6]. Epidemiological research has shown female
athletes to be a high risk population for ACL injury [7,
8]. Yet the literature lacks a clear and definitive consen-
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sus on female ACL injury [9]. Kinematic observations of
the mechanism of injury, kinematic analysis of individuals at risk for noncontact ACL injury, and ACL strain
studies have shown that certain movement patterns and
joint positions place an individual at greater risk for injury [10]. For example, the literature indicates that landing with increased knee valgus angles [3, 11], decreased
knee flexion angles [3, 9], and decreased hip flexion
angles [12, 13] increases ACL strain. In fact, a common
movement pattern in noncontact ACL injuries includes
decrease in knee flexion, hip flexion, and trunk flexion
accompany with increase in knee valgus and tibia rotation [11, 14, 15]. Quadriceps contraction in 0-30 degree
knee flexion produce proximal tibia anterior shear force
that increases ACL strain [16, 17]. Also knee valgus and
tibia rotation increase ACL strain but, this strain is lesser
than shear force [18]. The majority of studies confirmed
that females perform landing with high knee valgus [19],
less knee flexion [20, 21], and high proximal anterior
shear force [13, 22].
Many studies are performed on determining effective
biomechanical factors and injurious forces and how to
decrease ACL loading [19-23]. These studies only compared groups or conditions, but did not actually examine
the relationships among lower extremity kinematics and
kinetics. The researchers who investigated lower extremity kinematics and kinetics relationships only discussed
on some of them with conflicting results. One study has
examined the relationship among knee joint kinematics,
knee joint kinetics, and ground reaction forces and demonstrated that greater ground reaction forces and knee
extension moments correlated with greater proximal
tibia anterior shear force [13].
The other one examined similar variables with the addition of EMG, and indicated that an increasing posterior ground reaction force, knee flexion moment, and
IEMG of vastus lateralis would all predict an increase in
proximal tibia anterior shear force [10]. In another study,
although interpreted females exhibiting high knee extensor moment and knee shear force during drop landing,
they could not find significant relationship among knee
extensor moment and proximal knee shear force with anterior and lateral translations [24]. Thus, the purpose of
this study was to determine if biomechanical variables
are able to predict proximal tibia anterior shear force
during one leg drop landing.

2. Materials and Methods
Forty-three female elite basketball and volleyball players with 4 years’ experience in Iran national league (18-
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25 years old) participated in this study. Subjects were
free from lower extremity injury in either leg within the
past 6 months. Lower extremity injury was defined as
any injury resulting in more than one day loss in physical
activity or referral to a physician. Subjects would also
be excluded if they had a history of surgery to the lower
extremity within the past 2 years or a history of ACL surgery or presence of any lower extremity malalignment.
These malalignments included hip anteversion, Q angle,
tibiofemoral angle, knee recurvatum, tibial torsion, and
foot pronation that were evaluated by standard clinical
methods [25, 26].
Upon arrival, all subjects read and signed a consent
form approved by Kharazmi University. Then, they were
gotten familiar with the testing procedures. Demographic
information was collected for each subject and a health
questionnaire was used to assess lower extremity injury
status. Kinematics and kinetics of subjects’ dominant leg
were collected during the first 6 days of menses to control any potential hormone effects on resulting knee joint
neuromechanics (27). Three-dimensional trajectory data
were obtained using a 5-camera motion analysis system
(Vicon 460 Motion Capture), were sampled at 200 Hz,
and digitally recorded. Furthermore, ground reaction
forces were collected at 1000 Hz using a calibrated and
leveled force plate (Kistler; 9286A) embedded in the
floor in ergonomics laboratory of University of Social
Welfare and Rehabilitation Sciences. Reflective markers
were placed on anatomical landmarks according to the
Kadaba marker set [28].
Anatomical landmarks were placed on C7, right and
left anterior-superior iliac spines, mid-thigh, lateral femoral epicondyles, mid-shank, lateral malleoli, heel, and
the second metatarsal of each subject. First, a stationary
trial was taken with each subject in a neutral (standing)
position to align her with the global laboratory coordinate system. Each subject’s local joint coordinates was
aligned to her standing position to control for inter-subject variation in anatomical alignment (i.e., zero-position
valgus alignment) during the static trial. Raw marker
coordinates were recorded with Workstation software.
The dominant leg was defined as the leg used to kick
a ball for maximum distance. Vertical GRF was used to
identify the time at initial contact with the ground. Initial
ground contact was defined as the instant at which the
vertical ground reaction force exceeded 30 N.
Then, subjects completed a 5-minute running warm up
on a treadmill at a self-selected pace, and were allowed
to practice the jump. After demonstration and practice
of the one leg drop landing task, subjects performed a
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moment, knee extension, and posterior shear force were
negative.

Table 1. Descriptive data for subjects.

Variable

Mean± SD

Age (y)

21.12 ± 2.00

Athletic experience (y)

8.19 ± 2.97

Height (cm)

168.85 ± 7.62

Weight (kg)

60.72 ± 8.70

BMI (% BW)

21.71 ± 2.37
PHYSICAL TREA
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total 3 correct lands off a 50-cm high platform over a
horizontal distance equal to 10 cm, and land with one leg
on force plate with at least 30 s of rest between each land.
The drop landing consisted of the subject starting on top
of the box with her feet positioned 35 cm apart (distance
measured between toe markers) [6].
Kinematics and kinetics data were filtered through a
low-pass Butterworth digital filter at a cutoff frequency
of 10 to 50 Hz, respectively [21]. A Newton-Euler inverse dynamic process was used to estimate the proximal tibia anterior shear force and joint movments in
MATLAB. Forces and movments were normalized to
body weight (BW %) and multiplied by height (% BW*
H). Our laboratory coordinate system was based on our
agreement that X, Y, Z axis showed anterioposterior, mediolateral, and vertical axis, respectively. The angles’ and
moments’ sign were determined based on right handed
rules, in a way that knee flexion angle, velocity and moment, trunk flexion, and proximal tibia anterior shear
force were positive and knee valgus and knee valgus

All data analyses was performed using SPSS version
20. Kolmogorov–Smirnov test was used in order to
check the normal distribution of the variables. A stepwise multiple regression model and Pearson correlation
were fitted using SPSS to determine what biomechanical variables significantly predict proximal tibia anterior
shear force. Statistical significance was accepted at the
level of α ≤ 0.05.

3. Results
Demographic variables of 43 female basketball (23)
and volleyball (20) players with 4 years experience were
listed in Table 1.
Mean and standard deviation of variables is listed in
Table 2.
The correlations between proximal tibia anterior shear
force and independent variables are listed in Table 3.
Proximal tibia anterior shear force was significantly
correlated with peak knee flexion, peak knee extensor
moment, trunk flexion at initial contact time, and knee
flexion angular velocity.
According to the variables’ sign and the agreement
base on our laboratory coordinate system and right
handed rules, proximal tibia anterior shear force is positive and peak knee extensor moment is negative. Thus, a
negative correlation among them was expressed that in

Table 2. Means and standard deviations for biomechanical data.

Variable

Mean± SD

Peak proximal tibia anterior shear force from IC to peak knee flexion (body weight)

0.25 ± 0.13

Knee flexion at IC (degree)

11.11 ± 5.28

Knee valgus at IC (degree)

-0.07 ± 0.06

Knee flexion angular velocity at IC (degree/s)

219.38 ± 76.06

Peak knee extensor moment from IC to peak knee flexion (BW×H)

-28.01 ± 4.75

Knee flexion moment at IC (BW×H)

4.73 ± 2.73

Trunk flexion at IC (degree)

11.18 ± 1.02

Peak knee flexion (degree)

53.84 ± 10.83

Knee valgus moment at IC (BW×H)

0. 21 ± 0.01

Peak posterior ground reaction from IC to peak knee flexion (BW)

-0.43 ± 0.10
PHYSICAL TREA

IC= initial contact, moments were normalized to (BW×H)
The variable signs were determined based on right hand rules and according to laboratory coordination.
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Table 3. Correlation between the Investigated variables and Peak proximal tibia shear force.

Peak proximal tibia shear force from
initial contact to peak knee flexion

Variable

R

P value

Knee flexion at IC (degree)

-0.17

0.141

Knee valgus at IC (degree)

-0.19

0.105

Knee flexion angular velocity at IC (degree/s)

-0.26

0.048*

Peak knee extensor moment from IC to peak knee flexion (BW×H)

-0.39

0.004*

Knee flexion moment at IC (BW×H)

-0.23

0.073

Trunk flexion at IC (degree)

-0.27

0.039

Peak knee flexion (degree)

-0.37

0.007*

Knee valgus moment at IC (BW×H)

-0.02

0.457

Peak posterior ground reaction from IC to peak knee flexion (BW)

-0.29

0.080
PHYSICAL TREA

which increase in peak knee extensor movment causes
an increase in proximal tibia anterior shear force.
The multiple regression model is presented in Table
4. Based on this model, two of the predictor variables
were maintained in the final equation. Those variables
were peak knee extensor moment (P = 0.009, Adjusted
R2:0.149, F(1,41):7.55) and peak knee flexion (P =
0.001, Adjusted R2:0.278, F(2,40):8.81). First model accounts for 15.5% (R2= 0.155) of the variance in the in
proximal tibia anterior shear force during one-leg drop
landing. The second model with added peak knee flexion can account for 15.1% of the variance in the in the
proximal tibia anterior shear force. Thus, the other variables included EMG variables and other biomechanical
variables likely account for 70% of residual variance in
the proximal tibia anterior shear force during performing
this task.

4. Discussion
The purpose of this study was to conduct biomechanical analysis of female athletes performing a drop landing
task and determine what characteristics are able to predict proximal tibia anterior shear force. Our hypothesis
was partially supported as the multiple stepwise regression models indicated that peak knee extensor moment
and peak knee flexion angle significantly predicted proximal tibia anterior shear force. Furthermore the results of
Pearson Production Moment showed a significant relationship between knee angular velocity and trunk flexion
with proximal tibia shear force.

MENTS

We chose to investigate proximal tibia anterior shear
force and its biomechanical predictors because it is the
most direct loading mechanism of the ACL [29] and
can be estimated through inverse dynamics. Yu et al.
described how proximal tibia anterior shear force (estimated through inverse dynamics) may be indicative of
ACL loading [13].
According to results of the regression equation, peak
knee extension moment was the best predictor of proximal tibia shearing force. This result is in agreement with
Yu et al. study. They indicated that there is a significant
relationship between peak knee extensor moment and
peak tibia shear force [13]. Shelburne et al. also reported
that ACL is affected by a lot of load when shearing force
is in anterior direction [30]. This result indicates that the
quadriceps muscles play a significant role in the ACL
loading as literature shows [31, 32]. Furthermore, knee
extension moment is also an indicator of ACL loading
because patella tendon force is the result of quadriceps
muscle contraction and quadriceps are the major knee
extension muscles [13].
In addition, the results of the present study are in agreement with C Sell et al. findings. They reported that knee
flexion/extension moment would significantly predict
proximal tibia anterior shear force [10]. Body acceleration in landing is really high and quadriceps eccentrically contracts to support the individual’s acceleration and
weight. Thus, the quadriceps force can apply a proximal
tibia anterior shear force via the extensor mechanism
(quadriceps tendon and patellar ligament) [10]. Furthermore, because these movments were calculated via inverse dynamics and without knowledge of the muscle
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Table 4. Multiple regression model for predicting peak proximal tibia shear force.

Models

1

2

Peak knee
extensor moment from IC
to peak knee
flexion (body
weight×height)
Peak knee
extensor moment from IC
to peak knee
flexion (body
weight×height)
Peak knee flexion (degree)

B

T

R

R2

Adjusted
R2

F

P value

SD

.092

-0.39

-2.74

0.39

0.155

0.149

7.55

0.009

0.30

0.68

-0.41

-3.12
0.55

0.306

0.278

8.81

0.001

0.28

df

SS

MS

regression

1

0.69

0.69

residual

41

3.75

Total

42

4.45

regression

2

1.39

residual

40

3.09

Total

42

4.45

0.77

-0.38

-2.94
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forces, it would be difficult to determine whether the
increased internal quadriceps movment that predicts
greater proximal tibia anterior shear force is due to an increased quadriceps force and or a decreased hamstrings
force.
The results of this study showed that peak knee flexion angle could predict proximal tibia shear force. This
result is in agreement with C Sell et.al and Yu et.al findings [10, 13]. Reduction in anterior shear forces requires
recruiting the specific muscle of lower extremity and
keeping more knee flexion angle [33]. Particularly, the
quadriceps and gastrocnemius muscles act as antagonist
of the ACL and can increase the anterior shear force [3336]. Hamstring muscles act as agonist of the ACL and
can decrease the anterior shear force [33-37]. Ability of
these muscles for impact on the ACL loading can be adjusted by knee flexion [38-40]. The ability of quadriceps
muscles for creating anterior shear force increases in low
knee flexion angle and the ability of hamstring to neutralize this force is reduced [10, 41].
The results also showed that there is a significant negative relationship between knee flexion angular velocity
and tibia shear force. This result indicates that decline
in knee flexion angular velocity relates to rise in anterior
tibia shear force. Furthermore the results of the previous
studies showed that there is relationship between high
vertical ground reaction force and low knee angular velocity at initial contact [13, 42].
The finding of this study showed a significant negative relationship between trunk flexion and tibia shear
force at initial contact. Trunk flexion potentially reduces
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the quadriceps force requirement and subsequent load
placed on the ACL immediately after ground contact,
which is when ACL injury reportedly occurs. Trunk
flexion during landing also produces greater knee and
hip flexion compared to a more erect or trunk-extended
landing posture, placing the lower extremity in a position
associated with low ACL injury risk [43]. The results of
this study are in agreement with Blackburn et al. and
Klaus et al. [43-45] findings. Kulas et al. reported that
increased hamstring activity by trunk flexion would lead
to decrease in tibia shear force [45].
The relationship between peak posterior ground reaction force and tibia shear force was not statistically
significant, however, the significance of this hypothesis
has been expected with regard to previous literature. According to P value (P = 0.08), it could be possible that
in larger sample size, this variable becomes statistically
significant. Since this variable is one of the effective factors in calculating the shear force, the relationship between these variables is not unexpected [10, 13]. In other
words, one reason for this discrepancy may be the nature
of the task evaluated. In this study, the drop landing task
has been evaluated, while in previous studies, the stop
jump task has been examined [10, 13].
Also, the finding of this study showed that there are
no significant relationships between knee valgus, knee
valgus moment, knee flexion at initial contact and proximal tibia shear force. This results are in agreement with
C Sell et al. study [10]. The only difference was knee
flexion. C sell et al. reported that knee flexion at peak
posterior shear force could predict proximal tibia shear
force in regression analysis [10]. However, in the present
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study, peak knee flexion could predict shear force. This
difference may be related to the skill of our subjects. In
this research, we used players in national league so maybe, safe strategy of landing was instructed to them and in
performance just peak extensor moment and maximum
knee flexion base on imbalance muscle contraction can
predict variation of anterior shear force.
In sum, the result of the present study showed that peak
extensor moment and peak knee flexion in one-leg drop
landing were the best predictors of tibia anterior shear
force; increase in peak extensor moment and peak knee
flexion decrease tibia anterior shear force. There are
negative significant relationships between knee flexion
angular velocity and trunk flexion at initial contact with
proximal tibia anterior shear force. In addition, these
results can assist to coaches and physical therapists to
design and make correction injury, prevention, and exercises programs.

Acknowledgement
I would like to express my sincere gratitude to dear
professors who made this research possible. I would like
to especially thank athletes, coaches, and managers of
Tehran Gas, Tehran Koosha, Rona, Isfahan Zobe ahan,
Ghazvin Heyat, and Sabalan teams. Finally many thanks
to the head of Ergonomics Laboratory of University of
Social Welfare and Rehabilitation Sciences for the assistance.

July 2014 . Volume 4 . Number 2

ing vertical heights and horizontal distances: Implications
for risk of non-contact ACL injury. The Knee. 2012: 1-9.
7. Hewett T, Zazulak B, Myer G, Ford K. A review of electromyographic activation levels, timing differences, and increased anterior cruciate ligament injury incidence in female
athletes. British journal of sports medicine. 2005; 39(6):34750.
8. Hewett TE, Ford KR, Hoogenboom BJ, Myer GD. Understandin and prevention ACL injuries: current biomechanical
and epidemiological consideration. North American journal
of sports physical therapy. 2010; 5(4):234-51.
9. Walsh MC. The relationship between lower extremity muscle activity and knee flexion angle during a jump-landing
task: University Of North Carolina at Chapel Hill; 2009.
10. Sell TC, Ferris CM, Abt JP, Tsai YS, Myers JB, Fu FH, et
al. Predictors of proximal tibia anterior shear force during a
vertical stop-jump. Journal of Orthopaedic Research. 2007;
25(12):1589-97.
11. Olsen OE, Myklebust G, Engebretsen L, Bahr R. Injury
mechanisms for anterior cruciate ligament injuries in team
handball. The American journal of sports medicine. 2004;
32(4):1002-12.
12. Malinzak RA, Colby SM, Kirkendall DT, Yu B, Garrett WE.
A comparison of knee joint motion patterns between men
and women in selected athletic tasks. Clinical Biomechanics.
2001; 16(5): 438-45.
13. Yu B, Lin CF, Garrett WE. Lower extremity biomechanics
during the landing of a stop-jump task. Clinical Biomechanics. 2006; 21(3): 297-305.
14. Ireland ML. Anterior cruciate ligament injury in female
athletes: epidemiology. Journal of Athletic Training. 1999;
34(2):150-4.
15. Krosshaug T, Nakamae A, Boden BP, Engebretsen L, Smith
G, Slauterbeck JR, et al. Mechanisms of Anterior Cruciate
Ligament Injury in Basketball - Video Analysis of 39 Cases.
The American Journal of Sports Medicine. 2007; 35(3): 35967.

References
1. LaBella CR, Hennrikus W, Hewett TE, Brenner JS, Brookes
MA, Demorest RA, et al. Anterior cruciate ligament injuries: diagnosis, treatment, and prevention. Pediatrics. 2014;
133(5):e1437-e50.
2. Hewett TE. Neuromuscular and hormonal factors associated
with knee injuries in female athletes. Sports medicine. 2000;
29(5):313-27.
3. Boden BP, Dean GS, Feagin Jr JA, Garrett Jr WE. Mechanisms
of anterior cruciate ligament injury. Orthopedics. 2000;
23(6):573-8.
4. Boden BP, Griffin LY, Garrett W. Etiology and prevention of
noncontact ACL injury. Physician Sportsmed. 2000; 28(4):5360.
5. Boden BP, Torg JS, Knowles SB, Hewett TE. Video Analysis
of Anterior Cruciate Ligament Injury. The American journal
of sports medicine. 2009; 37(2):252-9.
6. Ali N, Robertson DGE, Rouhi G. Sagittal plane body kinematics and kinetics during single-leg landing from increas-

16. DeMorat G, Weinhold P, Blackburn T, Chudik S, Garrett W.
Aggressive quadriceps loading can induce noncontact anterior cruciate ligament injury. The American journal of sports
medicine. 2004; 32(2): 477-83.
17. Beynnon BD, Fleming BC. Anterior cruciate ligament strain
in-vivo: a review of previous work. Journal of biomechanics.
1998; 31(6): 519-25.
18. Markolf K, Burchfield D, Shapiro M, Shepard M, Finerman
G, Slauterbeck J. Combined knee loading states that generate
high anterior cruciate ligament forces. J Orthop Res. 1995; 13:
930-5.
19. Ford KR, Myer GD, Hewett TE. Valgus knee motion during
landing in high school female and male basketball players.
Medicine & Science in Sports & Exercise. 2003; 35(10): 174550.
20. Lephart SM, Ferris CM, Riemann BL, Myers JB, Fu FH.
Gender differences in strength and lower extremity kinematics during landing. Clinical orthopaedics and related
research. 2002; 401:162-9.

107

Naghmeh Gheidi et al. Kinematics and Kinetics Predictor of Proximal Tibia Anterior Shear Force during Single Leg ...

21. Decker MJ, Torry MR, Wyland DJ, Sterett WI, Richard
Steadman J. Gender differences in lower extremity kinematics, kinetics, and energy absorption during landing. Clinical
Biomechanics. 2003; 18(7): 662-9.

36. Fleming BC, Renstrom PA, Ohlen G, Johnson RJ, Peura GD,
Beynnon BD, et al. The gastrocnemius muscle is an antagonist of the anterior cruciate ligament. Journal of orthopaedic
research. 2001; 19(6): 1178-84.

22. Sell TC, Ferris CM, Abt JP, Tsai YS, Myers JB, Fu FH, et al.
The Effect of Direction and Reaction on the Neuromuscular
and Biomechanical Characteristics of the Knee During Tasks
That Simulate the Noncontact Anterior Cruciate Ligament
Injury Mechanism. American Journal sports medicine. 2006;
34:43-54.

37. Liu W, Maitland ME. The effect of hamstring muscle compensation for anterior laxity in the ACL-deficient knee during gait. Journal of biomechanics. 2000; 33(7): 871-9.

23. Chappell JD, Herman DC, Knight BS, Kirkendall DT, Garrett WE, Yu B. Effect of fatigue on knee kinetics and kinematics in stop-jump tasks. Am J Sports Med. 2005; 33(7): 1022-9.
24. Torry MR, Myers C, Shelburne K, B , Peterson D, Giphart
JE, Pennington WW, et al. Relationship of knee shear force
and extensor moment on knee translations in females performing drop landings: A biplane fluoroscopy. Clinical Biomechanics. 2011; 26: 1019–24.
25. Nguyen AD, Boling MC, Levine B, Shultz SJ. Relationships
between lower extremity alignment and the quadriceps angle. Clinical journal of sport medicine : Official journal of the
Canadian Academy of Sport Medicine. 2009; 19(3):201-6.
26. Nguyen AD, Shultz SJ. Identifying relationships among
lower extremity alignment characteristics. Journal of Athletic Training. 2009; 44(5):511.
27. Shultz SJ, Nguyen AD, Leonard MD, Schmitz RJ. Thigh
strength and activation as predictors of knee biomechanics
during a drop jump task. Medicine and science in sports and
exercise. 2009; 41(4):857.
28. Kadaba MP, Ramakrishnan H, Wootten M. Measurement
of lower extremity kinematics during level walking. Journal
of Orthopaedic Research. 2005; 8(3): 383-92.
29. Sell T, Akins J, Opp A, Lephart S. Relationship Between
Tibial Acceleration and Proximal Anterior Tibia Shear Force
Across Increasing Jump Distance. Journal of applied biomechanics. 2014; 30(1): 75-81.
30. Shelburne KB, Pandy MG, Anderson FC, Torry MR. Pattern of anterior cruciate ligament force in normal walking.
Journal of biomechanics. 2004; 37(6): 797-805.
31. Renström P, Arms S, Stanwyck T, Johnson R, Pope M. Strain
within the anterior cruciate ligament during hamstring and
quadriceps activity. The American journal of sports medicine. 1986; 14(1): 83-7.
32. Dürselen L, Claes L, Kiefer H. The influence of muscle forces and external loads on cruciate ligament strain. The American journal of sports medicine. 1995; 23(1): 129-36.
33. Shelburne KB, Torry MR, Pandy MG. Effect of muscle
compensation on knee instability during ACL-deficient gait.
Med Sci Sports Exerc. 2005; 37(4): 642-8.
34. Pflum MA, Shelburne KB, Torry MR, Decker MJ, Pandy
MG. Model prediction of anterior cruciate ligament force
during drop-landings. Medicine Science Sports Exercise.
2004; 39: 1949-58.
35. Padua DA, Marshall SW, Beutler AI, DeMaio M, Boden BP,
Yu B, et al. Predictors Of Knee Valgus Angle During A Jumplanding Task. Medicine & Science in Sports & Exercise. 2005;
37(5): S398.

108

38. Li G, Rudy T, Sakane M, Kanamori A, Ma C, Woo S-Y. The
importance of quadriceps and hamstring muscle loading on
knee kinematics and in-situ forces in the ACL. Journal of biomechanics. 1999; 32(4): 395-400.
39. Li G, DeFrate LE, Rubash HE, Gill TJ. In vivo kinematics
of the ACL during weight-bearing knee flexion. Journal of
orthopaedic research. 2005; 23(2):340-4.
40. Li G, Zayontz S, Most E, DeFrate LE, Suggs JF, Rubash HE.
In situ forces of the anterior and posterior cruciate ligaments
in high knee flexion: an in vitro investigation. Journal of Orthopaedic Research. 2004; 22(2): 293-7.
41. Withrow TJ, Huston LJ, Wojtys EM, Ashton-Miller JA. The
relationship between quadriceps muscle force, knee flexion,
and anterior cruciate ligament strain in an in vitro simulated
jump landing. The American journal of sports medicine.
2006; 34(2): 269-74.
42. Wang L-I. The lower extremity biomechanics of single-and
double-leg stop-jump tasks. Journal of sports science & medicine. 2011; 10(1):151.
43. Blackburn JT, Padua DA. Influence of trunk flexion on hip
and knee joint kinematics during a controlled drop landing.
Clinical Biomechanics. 2008; 23(3):313-9.
44. Blackburn JT, Padua DA. Sagittal-plane trunk position,
landing forces, and quadriceps electromyographic activity.
Journal of Athletic Training. 2009; 44(2):174-9.
45. Kulas AS, Hortobágyi T, DeVita P. The interaction of trunkload and trunk-position adaptations on knee anterior shear
and hamstrings muscle forces during landing. Journal of athletic training. 2010; 45(1):5.

