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Abstract—Anterior cruciate ligament (ACL) injuries are
commonly incurred by recreational and professional women
athletes during non-contact jumping maneuvers in sports like
basketball and volleyball, where incidences of ACL injury is
more frequent to females compared to males. What remains a
numerical challenge is in vivo calculation of ACL strain and
internal force. This study investigated effects of increasing
stop-jump height on neuromuscular and bio-mechanical
properties of knee and ACL, when performed by young
female recreational athletes. The underlying hypothesis is
increasing stop-jump (platform) height increases knee valgus
angles and external moments which also increases ACL
strain and internal force. Using numerical analysis tools
comprised of Inverse Kinematics, Computed Muscle Control
and Forward Dynamics, a novel approach is presented for
computing ACL strain and internal force based on (1) knee
joint kinematics and (2) optimization of muscle activation,
with ACL insertion into musculoskeletal model. Results
showed increases in knee valgus external moments and angles
with increasing stop-jump height. Increase in stop-jump
height from 30 to 50 cm lead to increase in average peak
valgus external moment from 40.5 £+ 3.2 to 43.2 + 3.7 Nm
which was co-incidental with increase in average peak ACL
strain, from 9.3 £ 3.1 to 13.7 & 1.1%, and average peak
ACL internal force, from 1056.1 + 71.4to 1165.4 + 123.8 N
for the right side with comparable increases in the left. In
effect this study demonstrates a technique for estimating
dynamic changes to knee and ACL variables by conducting
musculoskeletal simulation on motion analysis data, col-
lected from actual stop-jump tasks performed by young
recreational women athletes.

Keywords—Anterior cruciate ligament, Biomechanics,
Musculoskeletal simulation, Optimization, Inverse Kinematics,
Forward Dynamics.
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INTRODUCTION

Young female athletes (professional and recrea-
tional) suffer anterior cruciate ligament (ACL) injuries
4-6 times greater than male athletes in high impact
activities like jumping and side-cutting." Most ACL
injuries, occurring in both female and male athletes,
are classified as non-contact and generally occur dur-
ing high impact maneuvers like landing phase of
jumps, cross cutting and pivoting.>'%!32%2% Impact
from these activities can make knee joint’s supporting
muscles and ligaments subject to very high forces and
torques.

Although the precise patho-physiology of ACL
injuries remains unclear, several neuromuscular and
biomechanical factors are involved in the process.
Research groups have investigated variables such as
high valgus external moments in the knee,'>° low
knee flexion angles*® and low hamstring to quadriceps
activation (H:Q) ratio”'® as major contributors to
ACL injury. What the above studies could not show
was the relation between the variables identified to
cause injury with ACL strain and internal force. In
addition, a variety of preventive measures have also
been tried, which claim that lack of either proprio-
ception or lower extremity neuromuscular training®'>
can lead to lower extremity movements with risk of
ACL injury. While a number of these preventive
measures have been known to reduce hip, knee and
ankle loads and improve H:Q ratio, these studies could
not provide quantitative assessments of any reduction
in ACL strain and internal force. Similarly, in a study
where female athletes practiced drop-jumps using
bilateral medial posts,”® decreases were seen in knee
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valgus angle and ankle pronation-eversion but scien-
tific evidence on reduced ACL strain could not be
provided. One study group®® showed increased knee
valgus load leading to increased ACL strain rates in an
assembled knee model. However, this model could not
provide lower extremity structural variability found in
in vivo cases. Hence, the remaining challenge is to find
methods by which the ACL strain and internal force
can be quantified.

Primary focus of this study was to investigate ACL
strain and internal force developed during real time
stop-jump activities, under combined flexion—extension
and valgus external moments and by integrating right
and left ACLs into the human musculoskeletal model.
Numerical simulations then estimated kinematic and
kinetic variables and provided a basis for comparing
ACL strains with knee valgus and flexion external
moments. Motivation behind this study was the limited
amount of research'®*® done toward directly quanti-
fying ACL strain and internal force during athletic
activities, particularly in comparison to volume of
work done on measuring peripheral musculoskeletal
variables identified as contributors to ACL injury.

MATERIALS AND METHODS

General Outline

This study involved two distinct parts; the first part
being motion analysis trials conducted on 11 young
recreational female athletes performing stop-jumps
from various heights. Second part of this study was
numerical simulation of stop-jumps using Inverse
Kinematics (IK), Computed Muscle Control (CMC)
and Forward Dynamics.®?” Simulation steps enabled
estimation of knee joint kinetics and kinematics as well
as ACL strain and internal force, with increasing stop-
jump height as the parameter for varying intensity
of activity. Results were then (statistically) analyzed

and compared to findings of other similar
: 3,24,33
studies, 9-14:23:24.33.40

Trial Procedure

Prior to laboratory trials, permission was obtained
from University of Louisville’s Institutional Review
Board (IRB) to conduct research trials on healthy
adult female human subjects. In accordance with IRB
protocols, all subjects signed forms indicating their
consent to participate in these trials. Parental consent
was not required since all subjects were 18 years of age
or above.

Eleven female subjects with average body weight of
59.7 £ 7.7 (1 SD) kg, height of 164.4 £+ 12.7 cm and
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median age of 20 participated in stop-jump activities
from platforms of height 30, 40 and 50 cm. The sub-
jects were classified as recreational athletes since they
participated in group or individual athletic activities on
a regular basis. Each subject was fitted with 24 reflec-
tive markers placed at strategic anatomical locations as
shown in Fig. la. Prior to stop-jump trials, each sub-
ject performed three static trials for a second each to
scale and align her body segments and joint locations
with each subject standing in an erect posture (EP)
with feet slightly apart. Body segment and scaling of
kinematic constraints at joints for the musculoskeletal
model (Appendix A in Supplementary material 1) of
each subject were conducted with static marker posi-
tions. Figures 1b and 1c show details of knee joint in
the musculoskeletal model, in sagittal and frontal
planes, respectively. For stop-jumps, the subjects
jumped from platforms of 30, 40 and 50 cm height
onto a pair of force plates (Bertec, Colombus, OH),
one foot on each, and stabilized according to their
natural abilities without rebound. All consenting sub-
jects attended a brief pre-trial session where they were
instructed on drop-jumping technique and practiced to
make sure they were comfortable with drop-jumps. On
the day of recorded trials, each subject performed three
jumps at each height to allow averaging of variables
for data analysis and simulation.

Equipment

Marker positions and force plate signals were
recorded with Evart 5.0 (Motion Analysis Corp, Santa
Rosa, CA) motion capture software, which ran in a
data acquisition computer. The motion capture system
was equipped with 8 digital Hawk cameras (Motion
Analysis Corp, Santa Rosa, CA) and sampling rate
was set at 100 Hz. Force plate output was acquired at
1000 Hz frequency and amplified prior to capture. An
electromyography (EMG) data collection system,
Myomonitor (Delsys Inc., Boston, MA), was used for
collecting EMG data from a number of muscle sites for
further investigation. Data from the multi-camera
setup, force plates and EMG equipment were all col-
lected through a SCB-100 connector block (National
Instruments, Austin, TX) and NI 6071E DAQ adapter
card (National Instruments, Austin, TX). Temporal
alignment was ensured through use of a single dedi-
cated comprehensive system for simultaneous collec-
tion, display and recording of all data.

Motion Capture

During trials subjects were instructed to stand on
platforms with toes and inside of heels apart by
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(a) Location of markers used for the drop jump trials. Insertion points of the ACL in the inter-condyloidic eminence of

the femur and front meniscules of the tibia shown in (b): frontal, and (c) sagittal views.

<7.5 cm, and drop directly down on to the force
plates. Subjects regained their upright stance after
initial contact and braking on the plates, following
which they were asked to remain in upright stance for
2 s or more before walking away. Figure 2 shows some

of the main stages of a typical stop-jump trajectory.
Motion analysis was conducted between initial touch-
down (TD) (Fig. 2c) and subject’s regaining an EP
(Fig. 2e). Duration of trial was defined as time between
TD at initial contact with force plates and recovery to

Trajectory intervals based on vertical ground reaction

] force
1.4 é
1248 b c {\ d €. d
Z 10 precontact ehand erectposture
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FIGURE 2. Sequence of events for the entire duration of the drop jump created using OpenSim 2.20 graphical interface. In
chronological sequence, (a): upright position before jump, (b): crouch before takeoff, (c): initial contact at landing, (d): braking on

force plates, and (e): return to upright position on ground.
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(c)

FIGURE 3. Force plate contact dynamics of the jump trajectory for Forward Dynamics simulation created using OpenSim 2.20.
Muscles are shown in red, body segments in gray, markers in blue and force plate in black. The green arrows indicate net ground
reaction forces. In chronological sequence, (a): TD, (b): maximum crouch at braking, (c): recovering to upright stance, and (d):

upright stance.

an EP as shown in Fig. 3. Recovery or EP refers to
point in time when each subject had regained an
upright stance and combined ground reaction forces
(from two force plates) were equal to subject’s weight.

Kinematic Analysis

Marker trajectories captured from stop-jump trials
were processed with the IK tool of OpenSim version
2.20 (Stanford University, Stanford, CA), an open-
source research software. Joint motion data for twenty-
three rotational DOFs, three translational DOFs and
four dependent translational DOFs at the knee joint
were obtained. Knees were assigned two independent
rotational DOFs in flexion and valgus directions.
Convention for determining joint angles (and external
moments) was that extension and varus (adduction)
were both positive. Flexion was included as knee DOF
due to its inherent role in stop-jumps. Valgus was
chosen as the second DOF since several studies
have shown that valgus knee motion and valgus
external moments are directly associated with ACL
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injury.'>?*3% One particular cadaveric study’® showed
that ACL strain increased by 30% due to a combined
flexion-valgus torque than a flexion torque by itself.
The knee also had two dependent translational DOFs
which were functions of the knee flexion angle. These
dependent DOFs were in the sagittal plane, in direc-
tions normal to frontal (coronal) and transverse planes,
an existing feature of base OpenSim model.>* Normal
directions to frontal, sagittal, and transverse planes are
shown in Appendix A in Supplementary material 1.
The choice of knee DOFs were in conjunction with a six
DOF pelvis where quadriceps (attached to pelvis)
supported majority of vertical and horizontal forces
arising from body weight and braking.*?

Computed Muscle Control and Forward Dynamics
Simulation—Existing Framework

CMC is a computational tool for muscle control
optimization where feed-forward and feedback controls
are used to drive the kinematic trajectory of a dynamic
model toward that obtained experimentally.®*® Pri-
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mary target of CMC algorithm is muscle activation
optimization to resolve redundancies in dynamic force
generating capacity of muscle actuators.®
Musculotendon dimensions of individual subjects,
scaled from anatomical segments determined from pre-
trial marker positions, formed part of input to simula-
tion. Muscles are modeled as homogenous collection of
motor units which were similar in structural, functional
and excitation properties.*'** Simulation started with
solving fundamental equation of state that yields
accelerations of generalized coordinates at any point in
time, followed by solving of a closed loop equation that
minimized error between model and experimental
kinematics.®*¢ Integrated into closed loop equation was
optimization of a dimensionless performance criterion,
J that minimizes square of muscle activations.?” These
activations, along with passive components defined
steady-state muscle forces. CMC also includes use of
reserve actuators located at joint DOFs that make up for
muscle strength deficiencies.?’ In the final stage, neural
excitations (computed from optimized muscle activa-
tions) were input to Forward Dynamics. Forward
Dynamics is a numerical integration scheme which uses
of muscle forces to provide accelerations of joint coor-
dinates to advance motion one step ahead in time.®

ACL Modeling and Properties

Simulation application used was OpenSim (detailed
earlier) where a baseline musculoskeletal model (given
in Appendix A in Supplementary material 1) already
exists. ACL was modeled as a passive soft tissue with
two fixed ends tunnel inserted into femur and tibia

(a) Knee joint dependent translation DOFs as
functions of knee flexion

(Figs. 1b, 1c). Top part of each ACL went into depths
of inter-condyles of femur while lower part was
attached to front meniscules of tibia. Actual adhesion
mechanism was not relevant to this study as the goal
was to compute overall strains, assuming fixed ends.
The main two fiber bundles of ACL, anteromedial
(AM) and posterolateral (PL) bundles were not mod-
eled separately, as they were assumed to have the
similar characteristic. Average length of ACL was
32.3 &+ 3 mm across the 11 subjects which is slightly
less than average length of AM bundle in sagittal plane
as reported in other studies.” Width or cross section of
ACL (assumed at 10 mm) was irrelevant to this study
as computing stresses were not part of this study.

In general the internal force generated within a Hill
type muscle'” is given by

o= Aanfiv (s 1) + fose (B) beos (o) (1)

where [} is muscle length, i;‘n is muscle tendon velocity
in fiber direction, «, is muscle activation, fj, is active
force from force—length—velocity curve of Hill’s model,

Jpsv 1s passive fiber force and o, is muscle’s pennation

angle. To make ACL a passive tissue, contractile ele-
ment activation was fully suppressed. Hence, only the
second force term in Eq. (1) is applicable to ACL and
due to its zero activation ACL was not part of the
optimization process.

ACL extensions during IK were restricted by limits
of the knee joint’s DOFs. Hence ACL strain, due to
knee valgus, flexion and two translations dependent on
flexion (Figs. 4a, 4b), was strictly a property of knee
joint motion and ACL orientation (Figs. 1b, lc).

(c) ACLstrain versus valgus angles at varying

flexion angles

0.008 7 — 0.18 1
E
g 0.16 1
]
0.004 H 0.14
4
2 N
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-90 <75 -60 -45 -30 -15 0 15 A c
J :
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-0.030 -

FIGURE 4. The two translational (right) knee DOFs for one subject, dependent on (functions of) the knee’s flexion DOF. (a) The
first direction was anterior—posterior, normal to the frontal (coronal) plane and (b) second to the transverse plane. (c) The varia-
tions in ACL strain due to valgus and flexion DOFs and two (flexion) dependent translational DOFs for the same subject.
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Figure 4c shows the variation in ACL strain with
valgus angles at several flexion angles for one subject.
For example, if combined knee joint kinematics and
ACL insertion locations caused a knee flexion of 70°
and valgus of 10° for the 50 cm stop-jump, then the
resulting ACL strain would be 12% (Fig. 4c). With
results of Forward Dynamics simulation following
CMC, the ACL strains still remained a function of
knee joint kinematics but knee joint kinematics them-
selves were functions of the muscle optimization
process.

The ACL material property for passive fiber strain
at maximum isometric force® was adjusted so that
passive ACL strain versus flexion—extension and
varus—valgus angles would be limited to 15%
approximately (Fig. 4). The above passive fiber strain
property was assigned as a very low percentage (< 1%)
for the passive ACL, a property that may need
adjusting in individual models in order to keep finer
control over strain limits. The limit of 15% strain was
based on previous studies where percentage value
judged sufficient for micro-fiber damage and ACL
rupture to occur is between 9 and 15%.?%** Similarly,
maximum strain was limited to <2.5-3.0% in the
osteoligamentous junction, contact region between lig-
ament and bone, starting at a very low value of 0.2% or
less at isometric force. The idealized strains established
above are then used during CMC for checking ligament
(muscle) and osteoligamentous (tendon) lengths as the
whole musculotendon unit deforms. CMC optimization
fails under extreme circumstances when the musculo-
tendon length is too small.® The ACL’s linear elastic
stiffness was equal to 240 N/mm, a stiffness assigned
from cadaveric studies®® of humans aged 22-35. It
should be noted that the constant stiffness was charac-
teristic only in the region of lower strains (8-10%)
giving away to higher stiffness for higher strains
according to Gaussian law,® whose parameters can be
assigned as material property in OpenSim.

Data Processing and Statistical Analysis

Ensemble averages (from 11 subjects) at percentage
points in time (between TD and EP) were calculated to
observe trends in ACL strain and internal force, knee
variables and quadriceps and hamstring activation
levels. Additionally, peak values for ACL and knee
variables, averaged from individual peaks of 11 sub-
jects, were computed for all three jump heights. Sta-
tistical one-way ANOVA tests were conducted to
observe variations in several variables, like knee valgus
and flexion angles and external moments, hamstring
and quadriceps activation and ACL strain and internal
force, between stop-jump heights. Pearson’s correla-
tion, r, coefficient of determination, %, and associated
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p-values were calculated to confirm that kinematic
results from Forward Dynamics simulations strongly
correlated with experimentally obtained kinematics
computed with IK, thus providing validation for the
Forward Dynamics simulations.

RESULTS

Results presented in this section focus on mechani-
cal properties of ACL and knee and activation of
hamstring and quadriceps (both knee joint) muscles
from simulations. Ensemble averages of knee flexion
and valgus angles, obtained versus percentage time,
increased with increased stop-jump height as shown in
Fig. 5. Ensemble averages of right and left flexion and
valgus knee external moments (scaled to individual
body mass) are shown in Fig. 6. Ensemble averages of
ACL strain and internal force (scaled to individual
body weight) with increasing stop-jump height are
given in Fig. 7. It can be seen that peak forces and
strains for 50 cm stop-jump occurred within 40% of
landing phase. Results of hamstring and quadriceps
activation at three stop-jump heights are given in
Fig. 8. Quadriceps activations (maximum peak at
50 cm stop-jump) were found to be higher than that of
hamstring (peaking at approximately 45% for 50 cm
stop-jump) for all three stop-jump heights. Averages of
reserve actuator contribution to balancing knee valgus
and flexion external moments, calculated as a fraction
of knee’s valgus and flexion external moments,
respectively, are given in Appendix B in Supplemen-
tary material 2. A sharp drop off in reserve actuators
usage occurs after first 10% of total time of landing
phase (Appendix B in Supplementary material 2).

Average peak knee flexion and valgus angles
increased as stop-jump height increased. Knee flexion
angle increased from 77.3 &+ 9.3° (30 cm stop-jump) to
83.8 £ 7.4° (50 cm stop-jump) for right and from
76.6 £ 8.9° (30 cm) to 84.9 £ 8.9° (50 cm) for left.
Similarly, average peak knee valgus angle increased
from 8.8 4+ 1.6° (30 cm) t0 9.9 £ 1.5° (50 cm) for right
and from 10.0 & 1.5° (30 cm) to 10.4 £ 1.0° (50 cm)
for left. Average peak knee flexion external moment
increased from 76.9 4+ 8.9 (30 cm) to 95.0 & 10.7 Nm
(50 cm) for right and from 70.7 + 8.5 (30 cm) to
92.4 £ 11.1 Nm (50 cm) for left. And finally, average
peak knee valgus external moment increased from
40.5 + 3.2 (30 cm) to 43.2 4+ 3.7 Nm (50 cm) for right
and from 37.74+ 3.0 (B0cm) to 42.6 + 3.9 Nm
(50 cm) for left. Hence increased peak variables were
found for both ACL and knee. Average peak strains
showed an increase from 9.3 + 3.1 to 13.7 £+ 1.1% for
right and from 8.0 £ 2.8 to 13.4 £+ 2.0% for left ACL,
as stop-jump height increased from 30 to 50 cm.
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FIGURE 5. Ensemble average of right and left knee flexion and valgus angles against percentage time obtained from 11 subjects
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Average of 11 peak forces increased from
1056.0 £ 71.4 N to 11654 4+ 123.8 for right and
1043.1 £ 61.3 N to 1160.6 &+ 121.3 N for left, as stop-
jump height increased from 30 to 50 cm.

The p < 0.05 results of one-way ANOVA tests in
Table 1 indicate that most of the variables had signif-
icantly differing means with increasing stop-jump
height. Table 2 shows that statistically significant val-
ues for r and > were obtained, validating the results of
Forward Dynamics simulation.

DISCUSSION

Initial portion of this study gave us experimental
kinematic data of recreational female athletes

performing stop-jumps ranging from 30 to 50 cm in
height. Higher stop-jump heights were not considered
since ethical considerations necessitated that subjects’
exposure to actual injury risks during trials remain
minimal. However kinematic changes incurred with
increase in stop-jump heights used in this study were
sufficient to facilitate investigation of effects of stop-
jump height on predicted ACL strain and internal
force. In the following results of this study are dis-
cussed, where parts of it are compared to results from
similar studies.

First, both knee flexion and valgus angles measured
during this study are similar to findings in other
studies.'®** Second, substantially increased knee val-
gus external moments were found with increased stop-
jump height and were accompanied by increased ACL

TABLE 1. One-way ANOVA results for knee and ACL variables computed at 30, 40 and 50 cm of stop-jump in this study.

Variable Mean + 1 SD @ 30 cm Mean + 1 SD @ 40 cm Mean + 1 SD @ 50 cm p-value
Strain (mm/mm)

Right ACL 0.06 + 3.62 x 1073 0.07+ 3.7 x 1073 0.09 + 8.70 x 1073 <1012

Left ACL 0.04 + 471 x 1072 0.05 + 4.30 x 1072 0.08 +£9.44 x 1072 <1072
Force (N)

Right ACL 967.51 + 9.97 1007.28 + 16.04 1058.11 + 23.31 <1012

Left ACL 944.85 + 15.92 988.42 + 20.22 1056.71 + 26.89 <1072
Angle (°)

Right knee abd. 1.22 + 10.84 1.15 + 10.73 2.96 + 14.76 <1072

Left knee abd. 0.49 + 10.73 0.15 + 10.82 3.50 + 13.27 <1072

Right knee flex. 49.53 + 3.66 52.76 + 3.72 56.87 + 5.29 <1072

Left knee flex. 48.89 + 3.90 53.65 + 2.97 55.89 + 4.25 <1072
Moment (Nm)

Right knee abd. 26.66 + 29.49 40.37 + 28.32 33.80 =+ 35.51 <10°°

Left knee abd. 23.20 + 28.09 33.36 + 26.23 30.37 + 36.73 <1073

Right knee flex. 22.78 + 8.51 21.41 + 10.67 22.70 + 10.61 0.051*

Left knee flex. 2259 + 7.73 21.21 + 9.89 20.09 + 12.85 <1073
Activation

Right rectus Fem. 0.58 + 0.17 0.66 + 0.15 0.73 £ 0.17 <102

Left rectus Fem. 0.62 + 0.16 0.65 + 0.15 0.75 + 0.13 <1072

Right bicep (LH) Fem. 0.35 + 0.10 0.33 +£0.13 0.37 £ 0.11 <1072

Left bicep (LH) Fem. 0.24 £+ 0.10 0.30 + 0.11 0.32 +0.13 <1072
Time (s) 0.35 + 0.21 0.37 £ 0.17 0.42 + 0.27 <1073

abd. = abduction, flex = flexion, Fem. = Femoris.
The p-value >0.05 indicates lack of variation for that variable among the jump heights.
*p > 0.05 indicates insignificant changes in variable mean value with increasing stop-jump height.

TABLE 2. Correlation coefficients between kinematics from experimental (calculated with 1K) and Forward Dynamics simulation
data for one subject computed between TD and recovery to EP.

Correlation coeff. (r) Coeff. of determination ()

Jump Direction

height (cm) of rotation Right Left Right Left
30 Flexion 0.9986" 0.9973" 0.9984 0.9968
40 Flexion 0.9821* 0.9646* 0.9818 0.9639
50 Flexion 0.9499" 0.9022* 0.9544 0.9110
30 Valgus 0.9731* 0.9468* 0.9844 0.9690
40 Valgus 0.8902* 0.7925* 0.8684 0.7541
50 Valgus 0.9244* 0.8546* 0.8944 0.7999

Correlation r values with * indicates p < 1E—6.
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strains. Additionally, peak valgus external moment
and peak ACL strain happened about the same point
in time and within the first 30% of total time of landing
phase. These results are similar to findings in cadaveric
studies'*?' which show a direct relationship between
increased valgus external moment and increased ACL
strain. Several non-cadaveric studies have also shown
that increased valgus loading leads to high ACL
strains.!“!>2°  Furthermore, due to stress—strain
behavior of passively elastic ligaments,*' deduction can
be made that valgus external moment increased both
ACL strain and internal force. The increase in ACL
internal force with strain was an important finding of
this study.

Some previous studies’” have claimed that knee
flexion or extension external moment does not play a
key role in ACL injury. In contrast, increased flexion
external moments were found with increasing stop-
jump height (Fig. 6) implying that knee flexion exter-
nal moment does have sensitivity to enhanced intensity
of activity and therefore may play a key role in ACL
injury. Other studies® have claimed that it is knee
flexion angle (not external moment) that should be
associated with ACL injury, particularly when such
flexion angles are low. Assuming the above claim to be
true, results of this study that showed increasing flex-
ion angles with stop-jump height (Fig. 5) meant that
participating subjects were not prone to ACL injury
due to low flexion angles.

A large amount of research has been done with
muscle co-activation in female athletes performing
jump landing tasks (with or without rebound), and in
particular on estimating hamstring:quadriceps (H:Q)
ratios. Studies show that post contact H:Q ratios can be
as low as 0.38 for drop-jumps from a height of 31 cm.’
Other studies conducted for a range of drop-jump
heights reported H:Q ratios to be approximately
between 0.35 and 0.52.>* Low H:Q ratios found in this
study are not just comparable to two studies mentioned
above but also compare to low H:Q ratios found by a
host of past studies™'®?*3¥ The conclusion drawn
from results of low H:Q ratio is that ACL plays a
dominant role in compensating for reduced hamstring
muscle activation leading to higher strains. An
accompanying finding was that both hamstring and
quadriceps muscles undergo peak contractions just
after initial contact. Furthermore, it can be concluded
that Forward Dynamics simulation can well predict
low H:Q ratios found in young recreational female
athletes when they perform stop-jump activities.

Constrained DOFs restrict knee and ACL motion
and so do dependent translational DOFs despite these
dependencies being created to represent more physio-
logical tibiofemoral motion in the condyloidic knee
joint.® A brief discussion on how the knee’s
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constrained (and unconstrained) and dependent DOFs
effect ACL strain and internal forces is given below. In
the lower flexion range, 0°-30°, the anterior horns of
the medial and lateral menisci prevent the femur from
anterior translation, and it is at this stage that the ACL
is fully extended and has maximum tension.*'" The
higher strains and internal forces at maximum exten-
sion can be seen for the 30 and 40 cm stop-jump
heights in Fig. 7, at the end between TD and EP. It is
noted that the 50 cm stop-jump height strains and
internal forces are however not the highest at EP. With
further flexion, tibiofemoral contact is concentrated on
the tibial plateau when both femoral condyles move on
tibial articulating surface.'"!” However, as the knee
flexes, differing vertical levels of the tibial surface in
contact with medial and lateral condyles can lead to
valgus.!" The valgus can worsen if there is lack of
contact area or even lift off between the medial femoral
condyle and tibial surface. Similar results were found
in this study which caused expected higher strains and
internal forces in the ACL during such valgus (Figs. 5,
7). This was also the reason why ACL strains and
internal forces at higher angles of flexion surpassed
those at maximum extension for the 50 cm stop-jump
height (Figs. 5, 7).

However, there were several limitations associated
with restricting condyloidic (knee) joint motion to two
independent rotational DOFs and two dependent
translational DOFs. One limitation was restricting
knee sagittal plane translations as functions of flexion
only. As mentioned above, tibiofemoral translation in
the vertical direction is interrelated with valgus where
valgus induced tibiofemoral separation would increase
ACL strain and internal force. Hence, relative vertical
tibiofemoral translation should more accurately be a
function of both flexion and valgus. An additional
limitation was not using internal-external (IE) rota-
tional DOF and it possibly restricted knee transverse
plane translation, particularly in the anterior—posterior
direction perpendicular to the frontal plane. IE rota-
tion, particularly occurring in the mid-flexion range,
30°-60°,** which tries to cause larger tibiofemoral
separation in the anterior—posterior direction is pri-
marily opposed by the ACL. A shorter anterior—
posterior separation would result in less strains and
internal forces at the ACL. Hence, for better accuracy
the IE rotational DOF needs to be unconstrained and
the knee anterior—posterior translational DOF made a
function of both flexion and IE rotational DOF.

Finally, arguments in support of restricting sagittal
plane translational DOFs as functions of flexion only
and constraining translational and rotational DOFs
are given below. As mentioned under Kinematic
Analysis, most of the weight and braking forces were
supported by the quadriceps, which made remaining
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residual forces in the direction of the knee’s three
translational DOFs expectedly low. Given the above
situation, any small changes to ACL strain and inter-
nal force from making each translational DOF a
function of multiple rotational DOFs could be
ignored. IE rotational DOF was not included to meet
the study goal of estimating ACL strain and internal
force solely due to valgus and flexion. Valgus external
moment coupled with external tibial rotation™*> can
reduce ACL strain and vice versa. Hence, including
knee IE rotational DOF would have been at cross
purposes with goals of this investigation. However, a
follow-up investigation with added IE rotational DOF
would be beneficial for understanding mechanisms of
ACL strain with or without it. The reason for not
including the mediolateral DOF was that shear in this
direction has negligible effect on the ACL."'

There were several other limitations to this study
related to both experiment and simulation other than
those imposed by the DOFs. First, there was lack in
modeling important biomechanical elements that con-
tribute to knee joint motion and orientation, mainly
three other knee ligaments: Posterior Cruciate Liga-
ment (PCL), Medial Cruciate Ligament (MCL) and
Lateral Cruciate Ligament (LCL), which when inte-
grated into knee joint will improve accuracy of mus-
culoskeletal simulation. The PCL in particular needs to
be included since it shares anterior—posterior load
bearing function with ACL.?® Secondly, representing
ACL as a single bundle of fibers (not with separate AM
and PL bundles) can be considered a limitation, given
current trends in practicing double bundle ACL
reconstruction surgeries.** A third limitation was lim-
iting study population to female only subjects. Studies
on gender based outcome of stop-jump activities have
not been conducted, although similar studies have been
done on gender differences in muscle activation® and
neuromuscular properties’® with drop-jump activities.
A comparison of knee and ACL variables between
female recreational athletes with their male counter-
parts, who are expected to have more “neutral”**
alignments in their lower extremities would further
expose any abnormalities in these variables and should
be considered for future studies.

The specific conclusion here is that increased stop-
jump height lead to increased valgus external moment
which in turn is a major contributor to increasing ACL
strain and internal force. Estimating ACL strain and
internal force answered our primary research objective,
a deduction validated by correlating experimental knee
angles (calculated with IK) with knee angles from
Forward Dynamics simulation. Similar simulation
studies on other sports such as hockey where maneu-
vers such as side cutting can cause ACL injury need to
be conducted, with ACL insertion in musculoskeletal

model as was done for this study. It will be highly
advantageous to establish some form of musculoskel-
etal based screening program that help to precondition
athletes against ACL injury, especially if such screen-
ing programs included ACL and other ligaments that
are prone to injury during such activities. Special
attention should be paid to perturbation of knee joint
and its surrounding structure that cause ACL strain
and internal force to increase. The mechanisms of
perturbation that cause ACL rupture need to be
investigated in details without enhancing risk of injury
for trial participants. For example, laboratory trials for
this study were conducted under strict restrictions of
human subject safety protocol and risk of ACL injury
was minimal; in all practicality, injury inducing activ-
ities cannot be conducted during experimental trials. In
contrast, real life sporting events involve much higher
risk of ACL injury. However, effects of perturbation,
for example effect of increasing valgus external
moment, can be investigated within safety of a simulation
environment. The strain obtained from such perturbed
simulation could then be compared to ACL rupture
strain found in scientific (cadaveric) literature as
done during this study, all without risk of injury to
participants.
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