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Abstract—The human knee joint has a three dimensional
geometry with multiple body articulations that produce complex
mechanica responses under loads that occur in everyday life and
sports activities. To produce the necessary joint compliance and
stability for optimal daily function various menisci and ligaments are
present while muscle forces are used to this effect. Therefore,
knowledge of the complex mechanica interactions of these load
bearing structures is necessary when treatment of relevant diseases is
evaluated and assisting devices are designed.

Numerical tools such as finite element analysis are suitable for
modeling such joints in order to understand their physics. They have
been used in the current study to develop an accurate human knee
joint and model its mechanical behavior. To evaluate the efficacy of
this articulated model, static load cases were used for comparison
purposes with previous experimentaly verified modeling works
drawn from literature.
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|. INTRODUCTION

HE human knee joint is a three dimensional geometrical

structure with multiple body articulations which produce
complex mechanical responses. This complex joint faces
mechanical loads that occur in daily as well as sports activities.
The necessary knee joint compliance and stability to function
optimally every single day, every single minute are provided
passively by various menisci, ligaments as well as actively by
muscle forces. Therefore, knowledge of the complex
mechanical interactions of these load bearing structures is
helpful in evaluating treatment of relevant diseases and
designing assisting devices.

The ligaments control the passive movement of the knee
joint while the dynamic stability of the joint is actively
provided by muscular movements. Injuries or damage to any
of these load bearing structures lead to degradation or loss of
the joint function. In the knee joint the anterior cruciate
ligament (ACL) plays an important role in maintaining normal
knee function [1], and injuries to it are commonly treated with
surgical reconstruction as damage to it results in joint
instability in the anterioposterial direction.
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To understand the mechanical behavior of this ligament,
experiments have been performed by various researchers [2],
[3], [4]. These studies usefulness is limited by the fact that the
ligament mechanical properties have different values and
behavior when in vivo compared to in cadaveric form. These
studies can therefore only provide quantitative information for
the stresses and strains developed in the knee joint. On the
other hand, various biomechanics researchers have long
demonstrated that realistic mathematical modeling is an
appropriate tool for the simulation and analysis of complex
biological and physical structures such as the human knee joint
in spite the limited ability for validation [5]. This is due to
material properties which show a wide range of values,
compared to man made materials (e.g. metal aloys), and the
complex geometry of the systems modeled. During the past
two decades, a number of anaytical model studies with
different degrees of sophistication and accuracy, have been
presented in literature [6], [7], [8], [9], [10], 11]. An
alternative to in vivo measurement of body structural behavior
is the calculation of ligament forces using numerical modeling.
In particular, previous attempts to model the ACL mechanics
have employed a computer model where different approaches
have been attempted, either were ligaments behave as a
multiple fiber bundle with a non-isometric behavior [12], or
not [13].

In this work the efficacy of a geometrically accurate three
dimensional model of the knee structure, developed by the
authors (fig. 1), is being evaluated. Static load cases were used
for comparison purposes with previous experimentally verified
modeling works drawn from literature.

Fig. 1 The developed three dimensional geometric knee model : (1)
Femur, (2) Lateral collateral ligament (LCL), (3) Media collatera
ligament (MCL) (4). Anterior cruciate ligament (ACL), (5) Posterior
cruciate ligament (PCL), (6) Tibia, (7) Fibula
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Il. METHODS
To construct a realistic and physically accurateegh

solution, and frictionless contact was also assurbig@ments
were assumed to behave as hyperelastic solids antenas

dimensional geometric model of the knee joint, éhre composed of linear elastic material. As the loadimg of the

dimensional scanned data from a replica of the kweee
used. The assembled three-dimensional knee jomngtic
model was input to the finite element analysis nedf the

analyses was small no time-dependent effects, \likeous
behavior, were necessary to be considered. The Imode
incorporated initial strains prior to applying waus loads,

commercial software Pro Mechanica. The model wa&hich were applied to the hyperelastic soft tissags result

discretized using 5,812 three dimensional solidmelats.

Material properties of the individual parts of thesembly
were assumed to be linear elastic, and applied trzons,

which define the degrees of freedom each knee plernent
has, were drawn from literature and assigned tomgdic

entities. The development of the knee joint threeethsional
geometric model and the finite element model asedeed in

detail in a previous work by the authors [14]. Theponse of
the finite element model under simplified real Idfiatic loads,
which are in accordance to loads previously uselitarature

to validate similar models, is studied and evalddiet]. The

developed finite element model of the whole assgrmblthe

knee joint, for both calculated stresses and styahowed a
linear response when increased loads were appmigdoduce
increased stresses and strains, for each type anf. [®his

response is the expected for such a model, asr Imaterial

properties were used in this study.

The current work aims to verify further the deveddp
model, by exploiting static load cases presentegravious
experimentally verified modeling works [1], [15].

In the first of the published works [1] a three dimsional
finite element model of the human knee cartilagenisti and
ligaments was presented, which was analyzed usgistpm
developed numerical analysis software. Both, thacinknee
and the joint with the ACL severed, were studiedarmstatic
passive loading at different flexion angles. Borguctures
were ignored in the model and the subsequent asatiise to
their high rigidity relative to other structurestbe joint. Non
linear material data were used for different ligatse while
the meniscus was assumed to be a non homogenetnapis
composite part. Articulations between cartilage amhiscus
were simulated to have frictionless contact. It iaasd that
the tibiofemoral joint became significantly moreXible with
an absent ACL and produced much larger femoratkasions
than the intact knee, for all loads and flexion lasg The
posterior cruciate ligament (PCL) was active indiGdaring
for high flexion angles in all cases, with its lositaring effect
being pronounced in the intact knee model. Thetively
important mechanical role of the meniscus was shaivan
the stresses developed in the cartilage were eadzll

of growth and damage mechanism that occurs dunedjfe of
the tissues. The numerical model was validated father
literature sources for combined compressive ancereat
horizontal loading, a combined compressive loath witorque
and a third load case where all three individualde were
applied, with all load cases applied to a no fleximee joint.
The load distribution between ACL and the medidlateral
ligament, as well as the menisci was estimatedexrected,
calculated values were dependent on material ptiepesuch
as Young's modulus and Poisson ratio.

In the current study, the same load cases usechen t
abovementioned papers were applied in the modelthed
calculated results were compared for verificatiarppses.

In order to verify the current finite element moaéth [1]
the load cases applied to the intact and the ACicidat knee
joint model were applied. The femur was subjectedat
posterior horizontal force, and ten different lozases were
studied for different forces, as in the work of Nwagnd
Shinazi [1], ranging from 10 N to 100 N with a 10siép size.
Comparative force-displacement graphs were proddoed
assessment purposes. In the graphs the displaceiment
calculated in two different directions, in the po&r-anterior
(post/ant) direction and in the medial-lateral (el
direction.

In order to verify the current finite element modéth [15]
two of the three load cases studied were appligtdrcurrent
model. A combined load of 1150 N in compression &84 N
with an anterior—posterior direction was appliecthe femur
in the first case. In the second case, the samememsion load
of 1150 N was applied together with a valgus torqfielO
Nm. The maximum calculated stress values in differe
ligaments of the knee joint were compared. In aoldjtthe
load distribution in the knee joint was qualitativeompared
between the two papers.

Ill.  RESULTS AND DISCUSSION

Fig. 2 shows the comparison between the currerdystu
intact knee model and that of Moglo - Shinazi ihtkonee
model for displacement for the different force laases. The

developed model showed similar response to the

emphasizing the need for ACL reconstruction whenevexperimentally verified model of Moglo — Shinazijttwthe

needed.

In the second work [15], a three dimensional maxfethe
healthy human knee joint, based on geometric detavet
from MRI and CT scans of live volunteers, was carged for

calculated values being very close. In the postinberior
direction, the current model calculated displacemeiues
were lower than the Moglo — Shinazi model valuekilevin
the medial/lateral direction, the calculated valuese higher.

study using the commercial numerical analysis pgeka The average difference for displacement was abbit. 2

ABAQUS. In a similar fashion as in the previous gagones
were considered as rigid bodies and not involvedthe

Fig. 3 shows the comparison between the currerdystu
ACL-deficient knee model and that of Moglo - ShihAZL-
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deficient knee model for displacement for the défe force
load cases. The developed model showed similaonsgpto
the experimentally verified model of Moglo — Shinagith the
calculated values being very close. In the postenierior
direction, the current model calculated displacemeaiues
were higher than the Moglo — Shinazi model valwgsidwer

significantly lower stresses. As load distribut@nd the areas
where high stresses appear are similar betweentvtioe
models, this deviation in the maximum stress caatbéuted
to the complexity of the knee joint geometry. Nootw
geometries are exactly the same, in a similar ¢asto nature,
and therefore different results are produced, bitih Wwoth

and higher loads and they were lower for mediumd loaanalyses showing quantitative agreement with timeesstress
magnitudes. This is probably because of the naalin distribution being calculated.
materials used in the Moglo — Shinazi model. In the In the second case [15] used to verify the curmeotiel a

medial/lateral direction, the calculated valuesengigher. The
average difference for displacement was about 8.3%.
expected, the calculated displacement values vigmédisantly

higher than the values calculated for the intactekmodel,
with a difference of about an order of magnitudeveing the
importance of this type of injuries in the kneenjaitability.
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Fig. 2 Comparison between the current intact knedahand the
equivalent Moglo - Shinazi model for calculatedpisement for the
different force load cases studied
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Fig. 3 Comparison between the current ACL-deficlerde model
and the equivalent Moglo - Shinazi model for cadoed!
displacement for the different force load casedistl

In the case of the verification of the current rmodieh that
of Pena et al. [15], where a combined load of 1Ns0n
compression and 134 N in the anterior—posteriaration was
applied to the femur, the calculated maximum segssere
similar (Table 1), but with the current model cdéding

compression load of 1150 N was applied togetheh it
valgus torque of 10 Nm, and the maximum stresseslzown
in Table 2. The response of the current model nslai to

literature [15]. For this load case the maximunesges are
very close, and the average difference between theabout
15%. Similarly to the previous verification casége tload

distribution and the areas of high stresses, andasibetween
the two models.

TABLE |
MAXIMUM STRESS FOR THE FIRST LOAD CASE

Compressive Force 1150 N Max Stress [Mpa]

and Anterior Force 134 N peng etal [15].  Current Model

PCL 3 12

ACL 15 3,2

LCL 3,4 0,5

MCL 3,5 1,7
TABLE Il

MAXIMUM STRESS FOR THE SECOND LOAD CASE

Compressive Force 1150N Max Stress [Mpa]

and Valgus Torque 10 NM  peng et al. [15]  Current Model

PCL - 2,32
ACL 2,65 2,16
LCL 53 5,95
MCL - 1,76

Fig. 4 shows the stress distribution in the kne@tjo
ligaments for the second load case for the curreatel
compared to the Pena et al. [15] model.

The calculations for the load cases studied dematesthat
the developed finite element knee joint model iabde, as
the results obtained are consistent with modelslabla in
literature, which in turn have been verified expemntally.

All the load cases studied are based on loadsaffextt the
knee joint in real life. In every case higher ssessappear in
the ligaments close to the area where they areemed with
bones as well as in the middle of their length.

IV. CONCLUSIONS

A realistic three dimensional finite element moaélthe
knee joint which incorporates bone structures adl as
ligaments and menisci was developed and a number of
analyses for static loads for an intact and an Alefieient
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knee were performed and the following conclusiorsren

drawn:

e the model developed has calculated stresses and
displacements that were within the material elasticge,
which is the expected response the load magnitudes
involved

¢ the stress distribution calculated in the knemrtients is
reasonable, with no high stresses developing at the
connection points to the bone structures of theekifehese
were present would be confusing and they would be
numerical artifacts

e the material properties used were linear elasdod
produced comparable results for stress and displece
with other validated models which used hyper-etasti
material properties. This agreement can be ateibtn the
fact that stresses produced were small in magnitudbe
elastic region, while not high enough for the erdeah
material properties to affect significantly the adhted
values

¢ the model developed was validated against theiltses
produced by other numerical model, which in turd baen
validated with experimental data.

2.320e+00
2.096e+00
1.072¢+00
1.648e+00
1.424e+00
1.201e+00
9.767e-01
7.528e-01
5.290e-01
3.051e-01
8.128e-02

(1

[2]

(3]

2.167e+00
2.000e+00
1.800e+00
1.600e+00
1.200e+00
1.000e+00
8.000e-01
6.000e-01
4.000e-01
2.000e-01

[4]

(5]

2.273e-01

(6]

(7

(8]

(9]

[10]

Fig.

5.952¢+00
5.357e+00
4.762e+00
4.167e+00
3.571e+00
2.976e+00
2.381e+00
1.706e+00
1.191e+00
5.959¢-01

7.983e-04

1.760e+00
1587e+00

1.414¢+00
1.241e+00
1.067e+00
8.942¢-01
7.210e-01
5.478e-01
3.747¢-01
2.015e-01
2.829e-02

4 Stress distribution knee joint ligamentstfoe second load case of the
model verification with the Pena et al. [15] model
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