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Abstract

The aim of the present study was to estimate biomechanical weakening of human knee joint
assuming the conditions that occur when a person is standing on one leg. A patient-specific
three-dimensional model of the human knee joint was developed from medical scans, while
loads and material characteristics were adopted from the literature. The considered model
included the following materials: bones, menisci, articular cartilage and relevant ligaments
(posterior cruciate ligament, lateral collateral ligament and medial collateral ligament). The
finite element analysis was used for numerical calculation of the stress distribution and failure
index of posterior cruciate ligament. The obtained failure index showed that there was no
possibility for posterior cruciate ligament failure under the considered conditions. It was
concluded that application of the finite element analysis can provide a better insight into the
biomechanical condition of the injured knee joint.

Keywords: knee joint model, posterior cruciate ligament, finite element method, stress
distribution, failure index

1. Introduction

Knee is considered one of the most complex and important joints in the human body, since it
supports its weight. The knee consists of bones, menisci, cartilages, ligaments and muscles.
Moreover, the knee is able to provide stability due to the ligaments as well as the menisci, the
joint capsule and the musculature that surrounds the knee joint (Guess et al. 2014).

Ligaments are soft tissues with the main role to connect bones together. The mechanical
function of ligaments is to provide normal joint motion and restrict abnormal joint movement.
Each ligament provides stability and restrains knee motion in more than one degree of freedom,
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while the overall joint stability depends on the contributions of the individual ligaments and
their interactions (Kiapour et al. 2013). The anterior cruciate ligament (ACL) stretches from the
lateral condyle of femur to the anterior intercondylar area. It is often torn during knee bending
or twisting. The posterior cruciate ligament (PCL) stretches from the posterior intercondylar
area of the tibia to the medial condyle of the femur.

About 75% of ACL ruptures happen with minimal or no contact at the time of injury
(Boden et al. 2000). Remaining ACL ruptures involve some outside force. ACL injuries most
commonly occur during a change in velocity of motion that is combined with a change of
direction (Silvers and Mandelbaum 2011). An injury to PCL is very uncommon, but it can occur
under direct trauma to the ligament.

The finite element (FE) analysis is very popular in the field of biomechanics. This type of
analysis can provide information that are not always possible to obtain from experiments. Many
authors have been analyzing anterior cruciate ligament problems (Filipovi¢ et al. 2013; Song et
al. 2004; Limbert et al. 2004). The accuracy of FE analysis depends on the accurate input
information. This is a problem because mechanical behavior of the knee joint is not completely
known. This is especially true for parts of the knee joint such as ligaments and menisci.

2. Materials and methods

2.1 3D geometry knee model

The right knee from a 40 year-old female was scanned using MRI. The knee was scanned while
the patient’s leg was in full extension. Resolution of scans was 320 x 320 pixels and slice
increment was 0.589mm. The process of segmentation and generation of the knee model from
scans was performed in Mimics 10.01 (Materialise, Leuven, Belgium). The second step was
refinement of created elements and their assembly which was done in Geomagic Studio 2013
(Raindrop Geomagic Inc, Research Triangle Park, NC, USA).

The developed knee model is shown in Figure 1.
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Fig. 1. 3D knee joint model. (a) Anterior view; (b) Posterior view



Journal of the Serbian Society for Computational Mechanics / Vol. 10 / No. 2, 2016 3

Model consists of femur (cortical and cancellous), tibia (cortical and cancellous), fibula,
articular cartilage (femoral and tibial), menisci (lateral and medial) and ligaments (posterior
cruciate ligament, medial collateral ligament and lateral collateral ligament). Since we
considered the patient with ruptured ACL, we did not model that part of the knee.

2.2 3D geometry knee model

Material properties used for simulation were gathered from the literature. Properties found in
the literature were mostly obtained from different experiments. Those values varied from paper
to paper due to different conditions in which experiments were performed. Also, those material
properties depended on many factors such as age, race, measurer, experimental conditions etc.
Table 1 lists all the materials used for calculation, as well as their properties (Young’s modulus,
Poisson’s ration). All the materials used for calculation are considered to be linear elastic,
homogenous and isotropic.

Material Young’s modulus [MPa] (Ref.) | Poisson’s ratio (Ref.)
Femur — cortical 14317 (Soni et al. 2007) 0,315 (Soni et al. 2007)
Femur — spongy 295 (Soni et al. 2007) 0,315 (Soni et al. 2007)
Tibia — cortical 20033 (Soni et al. 2007) 0,315 (Soni et al. 2007)
Tibia — spongy 295 (Soni et al. 2007) 0,315 (Soni et al. 2007)
Fibula 17000 (Tseng et al. 2014) 0,3 (Tseng et al. 2014)
Articular cartilage | 12 (Hopkins et al. 2010) 0,45 (Hopkins et al.
Menisci 80 (Hopkins et al. 2010) 0,3 (Hopkins et al. 2010)
Ligaments 345 (Soni et al. 2007) 0,22 (Soni et al. 2007)

Table 1. Material properties of knee joint elements

2.3 Constraints

The considered constraints correspond to physiological conditions that occur when a person is
standing on the right leg while it is fully extended (Figure 2). Nodes on the lower surface of the
tibia and fibula were fixed in all three directions. All nodes, except those that were fixed, were
allowed to move along X, y and z axis.

2.4 Load

Vertical compression force was applied to the upper surface of the femur, as shown in Figure 2.
The applied force of 1000 [N] was calculated based on the information of the gait cycle in full
extension (Kutzner et al. 2010).
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Fixed Support

Fig. 2. Constraints and load for knee model

The contacts between various parts of the model were modeled as bonded contacts. They

were detected automatically by the software, assuming that the contact should be defined on the
place where faces of the various materials overlap (Figure 3).
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Fig. 3. Magnified contact area between bones, cartilages and menisci

The 3D finite element analysis of the knee joint during standing on one leg was conducted
using software ANSYS 14.5.7 (SASI, Canonsburg, PA, United States of America).
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3. Results

Results from this type of simulation depend on the quality of the created 3D model and on
mathematical descriptions of the behavior of the biological tissues involved.

Figure 4 shows stress distribution for the knee joint in the case of previously described
situation (person is standing on one leg and has ruptured ACL). The stress values in the knee
joint bones (femur, tibia and fibula) are in range from 45 Pa to 7 MPa.
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Fig. 4. Stress distribution on the knee joint — posterior and anterior view

Similar stress range is noticeable on the lateral and medial collateral ligament. For
collateral ligaments, stresses are in range from 45 Pa to 6.5 MPa. As it can be seen in Figure 4,
stress range for posterior cruciate ligament is comparable to the range of the collateral
ligaments.

The regions with the highest VVon Mises stress are indicated by the arrows in Figure 5.
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Fig. 5. Stress distribution on the knee joint — side view
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The highest stress is on the medial and lateral menisci. Maximum stress value for this
boundary conditions and load was calculated to be about 10 MPa. Based on the role that
menisci have in the knee joint, this distribution was expected.

Besides VVon Misses stress for the knee joint, we were interested to calculate Failure Index
(FI) of PCL when ACL is ruptured and a person is standing on one leg. For calculation of FI we
used the previously calculated Von Misses stress for PCL and the material properties of PCL
that we obtained from literature (Amis et al. 2003). Results for FI of PCL are shown in Figure 6
and the region with the highest Fl is indicated by the arrow.
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Fig. 6. Failure index for PCL

The maximum failure index is calculated to be 0.3 and it is in the area of connection
between the posterior cruciate ligament and the femur. This means that in the described
situation (ACL is ruptured and a person in standing on one leg), the posterior cruciate ligament
that is healthy will not rupture.

4. Conclusions

Although we are able to create different situations with the finite element model, we are still
missing some fundamental understanding of knee biomechanics, such as injuries and disease
and their progression. The model presented in this paper includes all the relevant articular
cartilages, menisci and ligaments.

The goal of this study was to determine if there was a possibility that posterior cruciate
ligament would rupture under the previously described conditions. This simulation shows that
in case previously described situation happened, posterior cruciate ligament would not be
threatened.

There are some limitations concerning the presented model. The effect of the muscles was
not considered. Also, the material properties were taken from the literature and they were not
the same as the material properties of the person whose scans we used for our analysis. The
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analysis was conducted for the knee joint in full extension and the next step would be to analyze
a full gait cycle.

This leaves room for future studies using a more precise model of the human knee joint
with better material properties such as nonlinearity, inhomogeneity and anisotropy.

W3Bon

Yrunaj pynrype mnpeamer YKPIITEHOr JUraMeHTa Ha OHMOMEXaHUYKO
ciaa0/bemse 3171002 KoJIeHA U 33U YKPIUTEHH JTUTAMEHT

A. Bynopuh'?", A. Byknhesuh?, I. Jopuunh?, b. Puctuh®, H. ®niunosuh'?

1 Makynrer umxemepckux Hayka, Ynusepsuter y Kparyjesuy, Cectpe Jamuh 6, 34000
Kparyjesam, Cpouja

nmeji: aleksandra.vulovic@kg.ac.rs

numMejir: arso_kg@yahoo.com

numejir: gjovicic.kg.ac.rs@gmail.com

nmeji: fica@kg.ac.rs

2 McTpaknBauko-pa3BojHH LeHTap 3a Ouommxkemepuar buoWPLI, ITpsociasa Crojanosuha 6,
34000 Kparyjesan, Cpouja

3 Makynrer MenuuuHckMx Hayka, YHusepsuteT y Kparyjesiy, Ceertozapa Mapkosuha 69,
34000 Kparyjesan, Cpouja

umejit: branko.ristic@gmail.com

*enaeuu aymop

Pe3ume

ms oBOT pama jecte mpolieHa OMOMEXaHWYKOT CIa0Jhera 3rI00a KOJIeHa, y3 MPETIOCTaBKY
yCIIOBa KOjU ce jaBJpajy Kaja ocoba CTOjH Ha jenHoj HO3HM. TpoauMEeH3MOHAIHH MOJIEN 3riio0a
KOJIeHa KpeWpaH je Ha OCHOBY MEIHWIIMHCKHX CHHMakKa, IOK cy onTepehema m maTepujaimHe
KapakTepUCTUKE yCBOjeHH U3 JuTepaType. PazmaTpanm monen caapxku ciexaehe matepujane:
KOCTH, MEHHCKYC, 3IJIOOHY XPCKaBHIy W OWTHE JHMraMeHTe (3aQlbH YKPIUTCHH JHMIaMEHT,
JlaTepaHU KOJaTepaIHH JIMTaMEHAT M MEJMjalHU KoJIaTepaHU JIMTaMeHT). MeTosia KOHaUHUX
elleMeHara KopuinheHa je 3a M3payyHaBame pacriojiesie HarloHa y 3riio0y KoJeHa M MHIEeKca
OTKaza 3a/iier’ YKPLITEHOT JInramenTa. V3padyHaTH WHIIEKC OTKa3a MOKa3ao je Jia He MOCTOjU
MOFthOCT 3a NOyHame 3aAmbCr YKPHITCHOr JIMaMCHTa IpU MTOoCMAaTpaHUM YCJIOBHMaA.
3akJbydeHO je Jla INpUMEHa MeTOAe KOHAuHMX ejleMeHaTa omoryhaBa OoJpM yBHI Yy
OMOMEXaHMUYKO CTar¢ MoBpeljeHor 3r100a KoJieHa.

K.Tby‘{l-le pedyr: MoJaei 3rio06a KOJICHA, 3aJAkbH YKPIITCHHU JIMTAMCHT, METOJdd KOHAYHHUX
CJICMCHATA, paciio/icjia HalloHa, THACKC OTKa3a
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