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Abstract.
BACKGROUND: Biomechanics studies can help improve athletic performance. However, the biomechanics of knee joint
ligament length changes and moment arms over six degrees of freedom (DOF) have yet to be established.
OBJECTIVE: To construct a knee model to investigate the length and moment arm changes of the anterior cruciate ligament
(ACL), posterior cruciate ligament (PCL), medial collateral ligament (MCL), and lateral collateral ligament (LCL).
METHOD: Six DOF joint modeling and analysis were performed using specialized modeling software.
RESULTS: The length of all ligaments varied with tibiofemoral flexion angle, contributed to joint motion, and restrained the
joint in different positions. The ACL, MCL, and LCL lengths decreased, the PCL increased, the posterior tibial translation
increased, the MCL moment arm increased, and the LCL moment arm decreased between 0◦ and 90◦. The primary ligament
restraints were the PCL (0◦ to 30◦), MCL (30◦ to 60◦), and PCL (60◦ to 90◦).
CONCLUSION: The restraining function of each ligament during motion can be modeled based on changes in ligament
lengths during tibial translations and rotations during flexion. Understanding the correlations between ligament lengths and
moment arm changes over a wide range of motion will help improve our understanding of joint kinematics and may be useful
for the diagnosis and treatment of sports injury.

Keywords: Biomechanics, anterior cruciate ligament, posterior cruciate ligament, medial collateral ligament, lateral collateral
ligament

1. Introduction

The knee ligaments provide primary stability to the joint. The medial (MCL) and lateral collateral
ligaments (LCL) are the primary knee stabilizers during valgus [1,2] and varus stresses [3], respectively,
while the anterior (ACL) and posterior cruciate ligaments (PCL) are the primary stabilizers during ante-
rior and posterior tibial translation, respectively [4,5]. Injury to the MCL may be associated with ACL
injury, and injury to the LCL may be associated with PCL injury [6].

Several studies have evaluated the relative contributions of the knee ligaments to movement and func-
tion. These have included the contributions of the ACL and PCL to knee joint mobility [7,8], kinematic
experiments on knee joints with ACL and MCL deficiencies [1,9,10], patterns of change of MCL and
LCL length after total knee replacement [11], and changes in knee joint ligaments [12] and moment
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arms [13,14]. However, these empirical and theoretical studies have failed to determine the associations
between the changes in knee ligament lengths and moment arms in all six degrees of freedom (DOF) of
the knee joint. Understanding these interaction over all six DOF of knee joint kinematics would be useful
for understanding mechanisms of sport injuries and developing diagnostic and treatment techniques for
knee injuries.

Joint kinematics may be examined using different techniques. For instance, computer modeling of the
knee joint and surrounding tissues has been useful [15]. Finite element analysis may help describe the
stress-strain characteristics of the knee joint and surrounding tissues, but is unsuitable for assessing high
DOF motion associated with ligament length changes and moment arms due to the high computational
and time costs [16–19]. Multibody dynamics software studies may be used to simulate the effect of
ligament deficiencies on the knee and provide faster joint analyses over wide ranges of motion [20].
However, any modeling solution should accurately represent the ligament and muscle lines of action and
moment arms to realistically simulate joints, and inaccurate information about the soft tissue lines of
action and moment arms may preclude complete kinematic joint simulation [21–24].

The purpose of this study was to model an intact knee joint over six DOF using recently developed
software [25]. Changes in knee ligament lengths and moment arms were observed over six DOF of knee
joint motion to evaluate the variations in these parameters.

2. Materials and methods

2.1. Knee joint model construction

The knee model was constructed using specialized joint modeling software (Musculoskeletal Joint
Modeler; [25]). Briefly, this software was developed to investigate diarthrodial joints taking anatomic
surface geometries into account to accurately model real anatomy. The surfaces are then interactively
attached to tissue, tendons, and ligaments, and joint contact is described by automatically incorporating
cartilage during analysis.

Here, anatomically accurate tibia and femur data were obtained by 3-dimensional (3D) laser-scanning
(ZScannerTM 800 Z Corporation, Rock Hill, South Carolina, USA) of plastic sawbones (Skeleton Bert,
Erler Zimmer, Lauf, Germany) and charting the surfaces in point clouds (where each point has its own
coordinate). The origin and insertion points were selected via the computer screen (Geomagic, Geo-
magic Solutions, Morrisville, NC) [26] before being converted into 3D solid surfaces for import into the
joint modeling software. Bones were described in terms of point clouds where each point has its own
coordinate. The tibia and femur were modeled as rigid bodies. The ligaments (ACL, PCL, MCL, and
LCL) were modeled as 3D linear elastic spring elements (spring-stiffness properties [k] for ACL and
PCL, 100 N/mm; MCL and LCL, 65 N/mm [20]), and articular cartilage was modeled as a single layer
viscoelastic material between the tibia and femur (stiffness, 40 N/mm; damping, 400 Ns/mm [20]). A
Cartesian coordinate system was established (translation: +x, anterior; −x, posterior; +y, lateral; −y,
medial; +z, superior; −z, inferior), and polar coordinates were defined (rotation: +α, varus [adduc-
tion]; −α, valgus [abduction]; +β, flexion; −β, extension; +γ, internal rotation; –γ, external rotation)
(Fig. 1). The six DOF kinematics included anterior-posterior, lateral-medial, and superior-inferior trans-
lations and varus-valgus, flexion-extension, and internal-external rotations.
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Fig. 1. Tibia and femur models with knee joint flexion angles from 0◦ to 150◦; local coordinate systems with the references
oixyz for tibia and ojxyz for femur and global coordinate system with the reference OXYZ.

2.2. Equations of motion

The center of mass was calculated for each bone based on the surface geometry using a mathematical
algorithm as previously described [27]. Calculation of the six DOF joint kinematics of the tibia and
femur was performed by calculating the displacement of each ligament represented by a spring attached
to the tibia and femur. The displacement of each ligament was described based on the translations,
rotations, and position vectors of the attachment points. The displacement equation for each ligament
was expressed as:

dt = xt + θt × rpt (1)

df = xf + θf × rpf (2)

where pt and pf were the ligament attachment points on the tibia and femur; dt and df were the local dis-
placements of the ligament attachment points; rpt

and rpf
were the position vectors of these attachment

points; and xt, xf , θt, and θf were the translations and rotations of the attached ligament.
Equations were assembled by considering the tibia and femur connected by spring kp with the bodies

rigid and all inertial properties assumed to be known. The motion of a linear spring element can be
described by Hooke’s law:

F = kx, (3)

where F is the ligament force, k is the spring stiffness, and x is the displacement. The changes in the
ligament length (scalar value of the displacement) were obtained in six DOF according to the displace-
ment values of each ligament, where displacement is proportional to force to calculate the restraining
functions of the ligaments.

The dynamic motion of a rigid body can be described by the translational and rotational motions of its
center of mass; in this case, the center of mass of the tibia was oi (Fig. 1), its translational motion was
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Fig. 2. Minimum surface point algorithm applied to the
tibia and femur to draw ligament line of actions between
the origin point pt and the insertion point pf .

Fig. 3. Collision detection algorithm runs by applying the
velocity Vt to the tibia. The spring-dashpot element was
placed between the approaching surface points of tibia (pt)
and femur (pf ) to represent articular cartilage.

xt, and its rotational motion was θt. Similarly, the translational motion of the femur was described by xf
and the rotational motion as θf . In order to describe the spring force acting on each body, the location of
the force due to the spring kp was described using two position vectors rpt

and rpf
measured relative to

local axes frames oixiyizi and ojxjyjzj , respectively. Since the tibia and femur are connected by spring
kp, the displacements of the spring end points are described in the axis frame of each body. The absolute
displacement pt is measured relative to the local axes oixiyizi of the tibia as dt. The same description is
valid for pf , which is measured relative to the local axes ojxjyjzj of the femur as df .

In this way, tibia and femur displacement based on ligament displacement generated six DOF joint
kinematics without requiring consideration of kinematic joint constraints. The constructed Newton-Euler
linear dynamic motion equations were represented in a global coordinate system as:[
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where m was mass, J was the moment of inertia, R was the matrix form of the position vector r, kp was
the spring stiffness, x was translation, θ was rotation, F was the force vector acting along the line of
action, and M was the moment vector. The transposed R matrix was denoted as RT .

2.3. Line of action and moment arm calculations

Estimates of lines of action and moment arms are important for accurate joint moment calculations.
To generate ligament lines of action, we used a minimum surface point algorithm based on heuristic and
surface geometry and points distributed along the bone surfaces as previously described [28]. To generate
the line of action of a ligament, the origin point pt and the insertion point pf were selected interactively
by the investigator (Fig. 2). The origin point pt was selected, and a local cylindrical coordinate system
was defined by the orthogonal vectors u, v, and w. The insertion point pf was selected, and a straight
line l was drawn between the origin and insertion points. The tibia and femur were then sliced into
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equal segments along vector l with 10◦ between each segment and the total number of surface points
calculated for each segment; the segment containing the fewest number of surface points was selected
for drawing the ligament line of action. Projection points were used to count the total number of points
in each segment, and a projection angle was used to determine where a point belonged: point p was
selected on the femur, and its projections on the u and w planes were determined as pu and pw (Fig. 2).
The point p projection angle αi was determined. The following equations were used to determine the
projections and projection angles:

pu = (pt − pf ) · u (6)

pw = (pt − pf ) ·w (7)

αi = tan−1 pw
pu

(8)

After drawing the ligament line of action, a convex hull algorithm was used to wrap the line around the
bone surfaces between the attachment points.

Using the line of action and moment arm algorithms, the changes in ligament lengths and moment
arms were measured. Firstly, the center of rotation rcor at each knee joint flexion angle (0◦, 30◦, 60◦,
90◦, 120◦, 150◦) was determined. The length of a ligament was defined by fa, which changed with
respect to tibial angular rotation w. The distance between the ligament line of action and the line parallel
to tibial angular rotation w and passing through rcor is casually known as the moment arm [25]. The
moment arm of each ligament was defined by the relationship between the change in ligament length
and tibial angular rotation:

moment arm =
fa
|w| (9)

2.4. Collision detection and response evaluation

Collision detection and response calculations were performed as described previously [29]; briefly, a
velocity Vt of the tibia toward the femur was applied and colliding point pairs on the tibial and femur
surfaces recorded with the remaining surface points eliminated. Point ptc on the tibia and point pfc on
the femur were potentially colliding point pairs observed by collision detection (Fig. 3). The collision
detection algorithm determined whether these points were in the range of the collision trajectory by
deriving constraint equations such as the shortest distance equation. The distance dtf was the shortest
distance between eligible colliding points ptc and pfc (Fig. 3). After finding eligible points, the collision
response algorithm was applied with spring-dashpot elements attached to represent the articular cartilage
between the eligible point pairs along length ltf .

All algorithms were implemented in Visual Basic (Microsoft, Redmond, WA) [15,25]; Visual Studio
Online, 2013) and bone files were imported into the program in Virtual Reality Modeling Language file
format.

3. Results

3.1. Ligament length

First, displacements of the ACL, PCL, MCL, and LCL were obtained using Eqs (1) and (2) to obtain
the displacement of spring elements representing the displacement of ligaments. The ACL, PCL, MCL,
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Table 1
Changes in knee ligament length and kinematic parameters of the intact kneea

Parameter Tibiofemoral flexion angle (◦)
0 30 60 90 120 150

Ligament length (mm)
ACL 39.05 31.24 26.06 24.82 33.53 38.57
PCL 32.41 33.59 35.75 36.95 36.01 34.11
LCL 36.02 35.41 31.44 31.78 35.58 31.54
MCL 71.30 71.47 73.78 66.21 79.92 68.43

Tibial translation (mm)
Anterior-posterior −7.27 −19.41 −21.89 −24.9 −33.22 −30.8
Lateral-medial −1.19 −3.63 −2.33 −8.67 −5.92 0.08
Superior-inferior 0.51 6.48 8.04 15.11 16.57 18.78

Rotation (◦)
Flexion-extension 0 30 60 90 120 150
Varus-valgus 0 −2.63 −4.39 −7.15 −8.18 −3.51
Internal-external 0 4.2 10.85 7.44 13.97 7.05

Moment arm (mm)
ACL 7.94 2.64 2.09 6.55 6.7 3.58
PCL 1.14 6.93 2.49 12.92 14.45 8.94
LCL 38.2 32.6 32.9 23.1 22.5 25.4
MCL 43.1 47.5 47 57.4 57 52.4

aPositive and negative values defined for translation as +x, anterior; −x, posterior; +y, lateral; −y, medial; +z, superior; −z,
inferior; and rotation as +α, varus [adduction]; −α, valgus [abduction]; +β, flexion; −β, extension; +γ, internal rotation;
−γ, external rotation. Abbreviations: ACL, anterior cruciate ligament; LCL, lateral collateral ligament; MCL, medial collateral
ligament; PCL, posterior cruciate ligament. The reference is the tibia COM, oi(0,0,0).

and LCL lengths varied with tibiofemoral flexion angle over six DOF of the intact knee (Tables 1 and 2).
Between 0◦ and 90◦ flexion, the tibia predominantly internally rotated, the ACL length decreased, and
the PCL length increased. Between 0◦ and 90◦, the posterior tibial translation and MCL length increased.
Increased medial tibial translation was mainly observed between 0◦ to 90◦ when the length of the MCL
decreased. The ACL length increased with lateral tibial translations between 90◦ and 150◦ flexion, while
at the same time the superior translation of the tibia increased markedly. Therefore, the ligament length
changes cannot be distinguished based on the superior or inferior translations.

The PCL was longest, the MCL and ACL were shortest, and the tibia had the highest medial translation
at 90◦ flexion (Table 1). When the tibia was flexed from 0◦ to 30◦, it moved in valgus and internal rotation
with posterior, superior, and latero-medial translation (Tables 1 and 2). During these movements, the
ACL decreased by 20% and LCL decreased by 1.69% of their initial lengths, and the PCL increased by
3.64% and MCL increased by 0.23% (Table 2). Based on the ligament length increase, the PCL was the
first and the MCL was the second restraint from 0◦ to 30◦ flexion.

When the tibia was flexed from 60◦ to 90◦, it moved in valgus and external rotation with superior,
medial, and posterior translation; in this flexion range, the ACL decreased by 4.75%, the MCL decreased
by 10.26%, the PCL increased by 3.35%, and the LCL increased by 1.08% (Table 2). When the tibia
was flexed from 90◦ to 120◦, it moved in valgus and internal rotation with posterior, lateral, and superior
translation; the PCL decreased by 2.54% and the ACL (35.10%), LCL (11.95%), and MCL (20.70%)
increased. Between 120◦ and 150◦ flexion, the tibia moved in varus and external rotation with lateral,
anterior, and superior translation (Tables 1 and 2); the PCL (5.27%), LCL (11.35%), and MCL (14.37%)
decreased and the ACL increased by 15.03%.
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Table 2
Rate of knee joint ligament length and moment arm changes

Rate of parameter changes (%) Tibiofemoral flexion angle (◦)
0–30 30–60 60–90 90–120 120–150 150

Rate of ligament length changes (%)
ACL −20 −16.58 −4.75 35.10 15.03
PCL 3.64 6.43 3.35 −2.54 −5.27
LCL −1.69 −11.21 1.08 11.95 −11.35
MCL 0.23 3.23 −10.26 20.7 −14.37

Rate of moment arm changes (%)
ACL −66.75 −20.83 213.39 2.29 −46.56
PCL 507.89 −64.06 418.87 11.84 −38.13
LCL −14.65 0.92 −29.7 −2.59 12.88
MCL 10.20 −1.05 22.12 −0.69 −8.07

Table 3
Relationship between knee joint kinematics and ligament restraints

Tibiofemoral Main secondary Main joint translation Ligament restraints Maximum moment
flexion joint rotation arm change
angle (◦) 1st 2nd 1st 2nd 3rd 1st 2nd 3rd 4th 1st 2nd 3rd 4th

0 to 30 Internal Valgus Posterior Superior Medial PCL MCL LCL ACL PCL LCL ACL MCL
30 to 60 Internal Valgus Posterior Superior Lateral MCL PCL LCL ACL PCL ACL MCL LCL
60 to 90 External Valgus Superior Medial Posterior PCL LCL ACL MCL PCL MCL LCL ACL
90 to 120 Internal Valgus Posterior Lateral Superior MCL ACL LCL PCL PCL LCL MCL ACL
120 to 150 External Varus Lateral Anterior Superior ACL PCL LCL MCL PCL MCL ACL LCL

Abbreviations: ACL, anterior cruciate ligament; LCL, lateral collateral ligament; MCL, medial collateral ligament; PCL, pos-
terior cruciate ligament.

3.2. Moment arm

The ACL moment arm decreased by 66.77% between 0◦ and 30◦ and 20.83% between 30◦ and 60◦
flexion. The moment arm increased by 213.39% between 60◦ and 120◦ and by 2.29% between 90◦ and
120◦, and decreased by 46.56% between 120◦ and 150◦ (Table 2). The PCL moment arm increased
between 0◦ and 30◦ and 60◦ and 90◦ flexion by 507.89% and 418.87%, respectively. The PCL moment
arm decreased between 30◦ and 60◦ and 120◦ and 150◦ by 64.06% and 38.13%, respectively. The MCL
moment arm increased between 0◦ and 90◦ flexion and decreased between 90◦ and 150◦ flexion.

The LCL moment arm decreased by 14.65% between 0◦ and 30◦ and slightly increased by 0.92%
between 30◦ and 60◦. Between 60◦ and 90◦ flexion, the LCL moment arm decreased. The MCL and
LCL moment arm changes were inversely proportional, while the MCL and PCL moment arm changes
were proportional. The LCL moment arm changes were opposite to the PCL moment arm changes.
Between 90◦ and 120◦, the MCL and PCL moment arms were maximum and the LCL minimum. While
the MCL, ACL, and PCL moment arms peaked between 60◦ and 150◦, the LCL moment arm was lowest
within this flexion angle range.

These findings suggest that each ligament has different moment arm changes between knee joint
angles (Table 3) that directly affect the contribution of the ligaments to joint stability.

4. Discussion

In this study, we detail ligament length and moment arm correlations over six DOF of knee joint kine-
matics. These data could be used to help diagnose ligament injuries and treat ACL, PCL, MCL, and LCL
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ligaments during total knee arthroplasty and advocate the use of modeling based on multibody dynamics
to predict knee joint behavior. Detailed characterization of ligament length changes over a wide range
of knee motion may help improve tissue and joint diagnosis and treatment. For instance, in ligament
reconstruction surgery, the ligament insertion point selected may affect the contribution of the ligament
to joint torque during motion, and changing the direction of the ligament line of action may change its
angular relationship to the moment arm and affect torque. A few previous studies have used experimen-
tal and mathematical models to evaluate ligament line of action and moment arm correlations, mostly
with respect to changes in the knee muscle moment arms [13,14,30,31]. Our findings on ACL, PCL,
LCL, and MCL moment arm trajectories are consistent with data from a previous cadaver study [14],
and a previous theoretical study that predicted the trajectories of moment arm changes for the major
knee ligaments were also similar [13].

The ACL length changes observed during knee motion corroborated previous findings that the lengths
of the over-the-top single bundle (OT-SB), anatomical single bundle (ANA-SB) and anteromedial (AM)
and posterolateral (PL) bundles of the ACL decrease between 0◦ and 90◦ and increase between 90◦

and 120◦ flexion [32]. In terms of the magnitudes of ACL length changes, these were found to be 10%
different on average between the lengths of the AM bundle and the single-bundle ACL modeled in this
study. The anterior, intermediate, and posterior fibers of the ACL have also been shown to change as a
percentage of their reference lengths, similar to the results presented here [33].

The length changes of the anterolateral and posteromedial bundles of the PCL have previously been
reported [34,35]. The reported anterolateral bundle length change pattern was similar to the single-
bundle PCL length change reported here (32.41 mm to 36.01 mm with increasing knee flexion angle
from 0◦ to 120◦). In an in vivo study, Park et al. [36] demonstrated LCL length changes from 36.02 mm
to 31.78 mm between 0◦ and 90◦ flexion, similar to our results.

By calculating the rates of ligament length changes over six DOF we could correlate the ligament
restraints based on joint translation and rotation (Table 3). At each dominant translation and rotation, the
restraining contribution of the ligaments was determined with the total increase in length. Our restraint
data on the ACL are consistent with previous results showing that the ACL does not provide resistance
to internal tibial rotation, especially at smaller flexion angles [37]. In the present study, when tibial
internal rotation was the dominant rotation between 0◦ and 60◦ flexion, the ACL was the least restraining
ligament with a 18.29% length decrease. With internal and valgus rotation of the tibia between 0◦ and 30◦

and 90◦ and 120◦ flexion, the MCL was the main ligament restraint with a 11.96% increase. However,
the LCL became the second restraining ligament (1.08% increase) when the tibia performed external
rotation between 60◦ and 90◦ flexion. Therefore, internal-external rotation is dominant in intact knee
motion and involves contributions from both the MCL and LCL.

This study has some limitations. A major limitation was the time cost associated with obtaining the
surface data and manipulating it for import and analysis. For model simplicity, muscles and tendons were
not included, even though they might be expected to contribute to stability and decrease the contribution
of the ligaments to stability. This omission would not be expected to change the rate of the length
changes of the ligaments at each flexion angle, but might change the position of the center of rotation
and, therefore, the moment arm and length of the ligaments during articulation; the effects of muscles
could be included in future studies. Furthermore, knee joint ligaments were only modeled as linear
elastic single-bundle tissues; future studies could employ more sophisticated material models.
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5. Conclusions

Here, we model the restraining function of each knee joint ligament during motion based on the
change in ligament lengths during tibial translations and rotations based on tibial flexion. Understanding
the correlation between the ligament length and moment arm changes of each ligament during six DOF
of knee motion will help improve our understanding of joint kinematics and may therefore be useful in
the diagnosis and treatment of sports injuries.

Acknowledgement

This study was supported by the Institute of Graduate Studies at Eastern Mediterranean University,
Gazimagusa, North Cyprus, Turkey.

References

[1] Matsumoto H, Suda Y, Otani T, Niki Y, Seedhom BB, Fujikawa K. Roles of the anterior cruciate ligament and the medial
collateral ligament in preventing valgus instability. J Orthop Sci. 2001; 6: 28-32.

[2] Feeley BT, Muller MS, Allen AA, Granchi CC, Pearle AD. Isometry of medial collateral ligament reconstruction. Knee
Surg Sports Traumatol Arthrosc. 2009; 17: 1078-1082. doi: 10.1007/s00167-009-0805-1.

[3] Grood ES, Noyes FR, Butler DL, Suntay WJ. Ligamentous and capsular restraints preventing straight medial and lateral
laxity in intact human cadaver knees. J Bone Joint Surg Am. 1981; 63: 1257-1269.

[4] Dargel J, Gotter M, Mader K, Pennig D, Koebke J, Schmidt-Wiethoff R. Biomechanics of the anterior cruciate ligament
and implications for surgical reconstruction. Strategies Trauma Limb Reconstr. 2007; 2: 1-12. doi: 10.1007/s11751-007-
0016-6.

[5] Amis AA, Bull AM, Gupte CM, Hijazi I, Race A, Robinson JR. Biomechanics of the PCL and related structures:
posterolateral, posteromedial and meniscofemoral ligaments. Knee Surg Sports Traumatol Arthrosc. 2003; 11: 271-281.

[6] Hillard-Sembell D, Daniel DM, Stone ML, Dobson BE, Fithian DC. Combined injuries of the anterior cruciate and
medial collateral ligaments of the knee. Effect of treatment on stability and function of the joint. J Bone Joint Surg Am.
1996; 78: 169-176.

[7] DeFrate LE, Gill TJ, Li G. In vivo function of the posterior cruciate ligament during weightbearing knee flexion. Am J
Sports Med. 2004; 32: 1923-1928.

[8] Li G, Defrate LE, Rubash HE, Gill TJ. In vivo kinematics of the ACL during weight-bearing knee flexion. J Orthop Res.
2005; 23: 340-344.

[9] Lujan TJ, Dalton MS, Thompson BM, Ellis BJ, Weiss JA. Effect of ACL deficiency on MCL strains and joint kinematics.
J Biomech Eng. 2007; 129: 386-392.

[10] Pressman, A., Johnson DH. A review of ski injuries resulting in combined injury to the anterior cruciate ligament and
medial collateral ligaments. Arthroscopy. 2003; 19: 194-202.

[11] Ghosh KM, Merican AM, Iranpour F, Deehan DJ, Amis AA. Length-change patterns of the collateral ligaments after
total knee arthroplasty. Knee Surg Sports Traumatol Arthrosc. 2012; 20: 1349-1356. doi: 10.1007/s00167-011-1824-2.

[12] Hosseini A, Qi W, Tsai T-Y, Liu Y, Rubash H, Li G. In vivo length change patterns of the medial and lateral collateral
ligaments along the flexion path of the knee. Knee Surg Sports Traumatol Arthrosc. 2014; doi: 10.1007/s00167-014-
3306-9.

[13] Lu TW, O’Connor JJ. Lines of action and moment arms of the major force-bearing structures crossing the human knee
joint: comparison between theory and experiment. J Anat, 189. 1996; 189: 575-585.

[14] Herzog W, Read LJ. Lines of action and moment arms of the major force-carrying structures crossing the human knee
joint. J Anat. 1993; 182: 213-230.

[15] Shelburne KB, Torry MR, Pandy MG. Muscle, ligament, and joint-contact forces at the knee during walking. Med Sci
Sports Exerc. 2005; 37: 1948-1956.

[16] Gardiner JC, Weiss JA. Subject-specific finite element analysis of the human medial collateral ligament during valgus
knee loading. J Orthop Res. 2003; 21: 1098-1106.

[17] Phatak NS, Sun Q, Kim SE, Parker DL, Sanders RK, Veress AI, Ellis BJ, Weiss JA. Noninvasive determination of
ligament strain with deformable image registration. Ann Biomed Eng. 2007; 35: 1175-1187.



494 N. Ozada / Effect of six DOF knee kinematics on ligament length and moment arm

[18] Kiapour AM, Kaul V, Kiapour A, Quatman CE, Wordeman SC, Hewett TE, Demetropoulos CK, Goel VK. The effect of
ligament modeling technique on knee joint kinematics: a finite element study. Applied Mathematics. 2013; 4(5A): 91-97.
doi: 10.4236/am.2013.45A011.

[19] Zhang M, Fan Y. Computational Biomechanics of the Musculoskeletal System. 1st ed. CPC Press; 2014.
[20] Guess TM, Stylianou A. Simulation of anterior cruciate ligament deficiency in a musculoskeletal model with anatomical

knees. Open Biomed Eng J. 2012; 6: 23-32. doi: 10.2174/1874230001206010023.
[21] Pandy MG. Moment arm of a muscle force. Exerc Sport Sci Rev. 1999; 27: 79-118.
[22] Gao F, Damsgaard M, Rasmussen J, Christensen ST. Computational method for muscle-path representation in muscu-

loskeletal models. Biol Cybern. 2002; 87: 199-210.
[23] An KN, Takahashi K, Harrigan TP, Chao EY. Determination of muscle orientations and moment arms. J Biomech Eng.

1984; 106: 280-282.
[24] Adams CR, Baldwin MA, Laz PJ, Rullkoetter PJ, Langenderfer JE. Effects of rotator cuff tears on muscle moment arms:

a computational study. J Biomech. 2007; 40: 3373-3380.
[25] Ozada N; 2008. A novel musculoskeletal joint modelling for orthopaedic applications [Ph.D. thesis]. Brunel University

Research Archive Web site. http://v-scheiner.brunel.ac.uk/handle/2438/6556. Accessed June 1, 2014.
[26] Geomagic. Geomagic Studio v9. Geomagic Web site. http://www.geomagic.com. Accessed January 1, 2014.
[27] Mirtich B. Fast and accurate computation of polyhedral mass properties. J Graphics Tools. 1996; 1: 31-50. doi:10.1080/

10867651.1996.10487458.
[28] Ozada N, Esat II. Development of tissue line of action and wrapping algorithms for musculoskeletal joint modelling [In-

ternational Conference on Orthopaedic Biomechanics, Clinical Applications and Surgery, Abstract MJM-2]. J Biomech.
2010; 43(suppl 1): S16-S17.

[29] Ozada N, Esat II. Development of collision detection and collision response algorithms and modelling of human joint
contact [International Conference on Orthopaedic Biomechanics, Clinical Applications and Surgery, Abstract MJM-3].
J Biomech. 2010; 43(suppl 1): S17-8.

[30] Buford WL, Ivey FM, Nakamura T, Patterson RM, Nguyen DK. Internal/external rotation moment arms of muscles at
the knee: moment arms for the normal knee and the ACL-deficient knee. Knee. 2001; 8: 293-303.

[31] Fiorentino NM, Lin JS, Ridder KB, Guttman MA, McVeigh ER, Blemker SS. Rectus femoris knee muscle moment
arms measured in vivo during dynamic motion with real-time magnetic resonance imaging. J Biomech Eng. 2013; 135:
044501. doi: 10.1115/1.4023523.

[32] Yoo YS, Jeong WS, Shetty NS, Ingham SJ, Smolinski P, Fu F. Changes in ACL length at different knee flexion angles:
an in vivo biomechanical study. Knee Surg Sports Traumatol Arthrosc. 2010; 18: 292-297. doi: 10.1007/s00167-009-
0932-8.

[33] Imran A. Anterior cruciate ligament fibres – effects of tibial translation during flexion at the knee. Proceedings of the
World Congress on Engineering. London, UK; 2012: 1-4.

[34] Bowman KF, Sekiya JK. Anatomy and biomechanics of the posterior cruciate ligament and other ligaments of the knee.
Operative Techniques in Sports Medicine. 2009; 17: 126-134. doi: 10.1053/j.otsm.2009.07.001.

[35] Ahmad CS, Cohen ZA, Levine WN, Gardner TR, Ateshian GA, Mow VC. Codominance of the individual posterior
cruciate ligament bundles. An analysis of bundle lengths and orientation. Am J Sports Med. 2003; 31: 221-225.

[36] Park SE, DeFrate LE, Suggs JF, Gill TJ, Rubash HE, Li G. The change in length of the medial and lateral collateral
ligaments during in vivo knee flexion. Knee. 2005; 12: 377-382.

[37] Wünschel M, Müller O, Lo J, Obloh C, Wülker N. The anterior cruciate ligament provides resistance to externally applied
anterior tibial force but not to internal rotational torque during simulated weight-bearing flexion. Arthroscopy. 2010; 26:
1520-1527. doi: 10.1016/j.arthro.2010.04.069.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


