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Abstract – Finite element analysis (FEA) is a fundamental tool that can be used in the orthopaedic world to simulate
and analyze the behaviour of different surgical procedures. It is important to be aware that removing more than 20% of
the meniscus could increase the shear stress in the cartilage and enlarge the risk of knee joint degeneration. In this fact,
the maximal shear stress value in the medial cartilage increased up to 225% from 0.15 MPa to 0.5 MPa after medial
meniscectomy. Also, meniscal root repair can improve meniscal biomechanics and potentially reduce the risk of
osteoarthritis, even in cases of a loose repair. FEA has been used to better understand the biomechanical role of cruciate
ligaments in the knee joint. ACLr with bone-patellar tendon-bone graft at 60 N of pretension and double-bundle PCLr
were closer to that of a native knee in terms of biomechanics. The addition of a lateral extra-articular augmentation tech-
nique can reduce 50% of tibial translation and internal rotation, protecting the graft and minimizing the risk of re-rupture.
Interestingly, anatomic and non-anatomic medial patellofemoral ligament reconstruction increased the pressure applied
to the patellofemoral joint by increasing patellar contact pressure to 0.14 MPa at 30� of knee flexion using the semitendi-
nosus as a graft. After all the advances in medical imaging technologies, future studies should take into consideration
patient-specific data on both anatomy and mechanics, in order to better personalize the experimental model.

Key words: Finite element analysis, Meniscal tear, Anterior cruciate ligament reconstruction, Posterior cruciate
ligament reconstruction, Lateral tenodesis, Medial patellofemoral ligament reconstruction.

Introduction

Finite element analysis (FEA) is a popular computerized
method to virtual test and predict the reaction of different mate-
rials upon different ranges of forces [1]. FEA has become a fun-
damental tool in medical, veterinary and biological sciences in
the last decades. In this aspect, FEA has also increased its

popularity for the evaluation of biomechanics in orthopaedics
[2, 3]. The FEA was first introduced in the field of orthopaedics
by Brekelmans in 1972, by analyzing the mechanical behavior
of human bones [4]. In 1983, Huiskes and Chao [5] recognized
the potential of FEA as a valuable tool in basic research and
orthopaedic biomechanics. In the early 1990 s, Beaupré et al.
presented a time-dependent approach to simulate bone remod-
elling and predict changes in the proximal femur in the context
of multiple loading conditions [6]. With the improvements in*Corresponding author: vasiliadis.av@gmail.com
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computational power and imaging capabilities, FEA is further
applied to investigate more representative and complex
bone models, at different scales from bone tissue to the cellular
level [7].

The main advantage of the FEA is the real-time mode of
approach, with the results being based on analysis of only
one model [8, 9]. Also, FEA can predict how the use of differ-
ent materials or surgical techniques (repair and reconstruction)
can react when different forces are applied, while it helps to
visualize the point of maximum stress [10]. Despite the various
advantages of FEA, possible limitations are that FEA is a com-
plex and informative simulation, as well as, more labour-inten-
sive [2, 7]. The involvement of more specialized staff could
overcome these problems. Also, FEA does not take into consid-
eration changes in geometry after load application and changes
in material properties [7]. However, this limitation could be
addressed with the use of image-based models representative
at different time points.

The range of knee injuries that athletes and non-athletes
may sustain varied from minimal injury, such as meniscal tear
to more serious mechanical disruptions, like anterior cruciate
ligament rupture and chronic degenerative injuries in the knee
joint, where different kinds of operative techniques were pro-
posed, to increase the longevity of the joint [11, 12]. In this
aspect, FEA is a tool for better understanding the different treat-
ment approaches for the knee (Figure 1). It can be also used as a
tool, to investigate the effect of meniscectomies and meniscal

repair on stress distribution in cartilage [13], to understand
the mechanical behaviour of different techniques during ante-
rior cruciate ligament reconstruction (ACLr) and posterior cru-
ciate ligament reconstruction (PCLr) on the knee joint [14, 15],
to evaluate the biomechanical performance of an additional pro-
cedure to the lateral aspect of the knee joint [16], as well as to
assess the different surgical techniques for medial patellofe-
moral ligament reconstruction (MPFLr) on the patellofemoral
contact pressure [17].

FEA and meniscectomy

FEA shows that partial meniscectomy significantly alters
the stress in the knee joint, leading to rapid surface damage
wear and subsequent cartilage degeneration [13, 18]. More
specifically, Vadher et al. [13] found that meniscectomy up to
20% produces little changes in shear stress in the cartilage,
while the maximal shear stress in the cartilage increased up
to 225%, from 0.15 MPa to 0.5 MPa, after 65% of the meniscus
removal. They also noticed that the contact area between the
femoral and tibial cartilage surface significantly increased,
being more obvious with 20% of meniscus removal. The same
findings were observed in cases of discoid meniscus and partial
meniscectomy, where the contact stress increased dramatically
with the width of the residual meniscus being less than 8 mm
(40%) [18]. Moreover, Li et al. [19] demonstrated that the peak

Figure 1. A graphical overview of the finite element analysis of the knee joint. A) A magnetic resonance imaging (MRI) is performed after
knee injury. B) A three-dimensional (3D) model is created using computed tomography (CT) or/and MRI of the knee joint. C) The volumetric
geometries of the knee joint are discretized for analysis. D) Contact stress behaviour of the femoral condyles after anterior cruciate ligament
rupture. E) The profile of pivot shift phase after ACLr with and without LET.
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compression and the shear stress were also increased in the
healthy tibiofemoral compartment, after enlargement of the
meniscus tear region or/and meniscectomy in the opposite com-
partment. Interestingly, in cases of horizontal meniscal tear with
further separation of the superior and inferior meniscal leaflet,
the pattern of pressure and shear stress within the joint after
resection of the superior leaflet seems to be closer to changes
in pressure with those repaired with suture, making this option
more reliable when meniscal repair is difficult (Table 1) [20].

FEA and meniscal repair

Meniscal repair is the best way to restore joint biomechanics
and presumably offers a protective effect against the progression

of OA [20]. Based on a recently published finite element
analysis on meniscal repair, surgical repair of a torn meniscus
can restore the loading profiles and joint kinematics to levels
similar to those of an intact knee joint [21]. Especially with
the posterior root repair of the meniscus, FEA studies have
shown that the integrity of the posterior root plays a pivotal role,
in achieving normal tibiofemoral contact mechanism [21, 22].
Anatomic fixation of the meniscal root to bone is important to
restore normal biomechanics, while non-anatomic placement
of meniscal root repairs may substantial negative effect on
cartilage and meniscal function [23]. It is known from the liter-
ature that meniscal root repairs are susceptible to loosening,
however, Steineman et al. [24] showed that loosened repairs
would restore mechanics better than untreated meniscal root
tears indicating the importance of anatomic repair (Table 1).

Table 1. Summary of the major findings of the included studies regarding meniscal tears management.

Study Material model Experimental design Conclusion
Vadher et al., 2006

[13]
Axisymmetric

model
Shear stress in articular cartilage following

various amounts of meniscus removed
Little changes in shear stress in the cartilage

with up to 20% of meniscus removal, while
meniscectomies > 20% increases drastically
the shear stress in the cartilage

Liu et al., 2022 [18] CT- and MRI-based
knee model

Biomechanical behavior of the knee after
partial meniscectomy in adults with
complete discoid lateral meniscus

Meniscus width < 8 mm increases the contact
stress significantly, while meniscus width of
8 to 10 mm provides a better biomechanical
environment

Li et al., 2020 [19] CT- and MRI-based
knee model

Medial meniscus degeneration on the progress
of the knee osteoarthritis

Degeneration of the medial meniscus leads to
further increases of shear stress and also
increases the shear stress in the healthy
(lateral) compartment

Chen et al., 2023
[20]

MRI-based model Internal force relationship of the knee after
meniscus repair compared with different
options of partial meniscus resection

Changes in shear stress within joint after
resection of the superior leaflet of the
meniscus is quite similar with meniscus
repair and better when compared with the
resection of the inferior leaflet of the
meniscus

Wang et al., 2021
[21]

MRI-based model Knee biomechanics after different repair
methods for PRLM tears

Contact mechanics and kinematics of the knee
after repair of PRLM can be similar to those
of an intact knee joint

Xu et al., 2022 [22] CT- and MRI-based
knee model

Biomechanical characteristics of the knee joint
after different patterns of PRMM tears
versus meniscal repair

Loss of integrity of PRMM increase the load
on the medial tibiofemoral articular
cartilage, while meniscal repair restores the
mechanical properties of the meniscus

Steineman et al.,
2020 [23]

Imaged cadaveric
knee specimens

Knee mechanics after non-anatomic placement
of PRMM repair

Posterior placement of PRMM repairs results
in greater changes to cartilage and meniscus
mechanics, while anterior placement of
PRMM repairs nearly restores contact
tibiofemoral area

Steineman et al.,
2022 [24]

Imaged cadaveric
knee specimens

Knee mechanics after anatomic repair of
PRMM compared with loosened repairs and
untreated tears

Loosened repairs of PRMM can restore
mechanics better than untreated meniscal
root tears

Nabiyev et al., 2023
[25]

3D computer model Knee biomechanics after oblique-vertical
suture compared vertical suture technique
for longitudinal meniscal tears

Oblique-vertical suture technique provide
superior grip on the radial and circular fibers
of the meniscus and a higher contact area
compared to the classical vertical suture

Shriram et al., 2017
[26]

MRI-based
cadaveric knee
model

Cartilage contact pressures and distribution
with the use of artificial meniscal implant
versus meniscectomy

Anatomically shaped artificial implant induces
lower peak cartilage contact pressure and
reduces the cartilage regions loaded

Abbreviations: CT, computed tomography; MRI, magnetic resonance imaging; PRLM, posterior root lateral meniscus; PRMM, posterior root
medial meniscus.
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Various meniscal repair options have been reported in the
literature, regarding the technique (all-inside, inside-out, out-
side-in), the suturing method (horizontal, vertical) and the
number of sutures (single, double, multiple) [21, 27]. Wang
et al. [21] showed that the double-stitch technique, for lateral
meniscal posterior root avulsions, resulted in a significant
decrease in joint contact pressure and contact stress, being more
effective and leading to better clinical outcomes than the single-
stitch technique. In addition, a 3D FEA model of a meniscus
with a longitudinal tear revealed that the oblique-vertical suture
repair technique provided a superior grip on the radial and
circular fibres of the meniscus and higher contact area com-
pared to vertical sutures [25]. It is important to note that while
the posterior root meniscal repair restores the meniscal load
transmission and the total contact area, a more posterior
placement of the repair can induce meniscus extrusion and alter
contact mechanics [23]. Interestingly, Shriram et al. [26]
demonstrated that an anatomical-shaped artificial meniscal
implant prevents higher contact pressures on articular cartilage
and reduces the cartilage regions loaded when compared with
meniscectomy (Table 1). In the same study, they demonstrated
that the meniscal implant material stiffness plays a crucial role
in contact pressures and implant displacement, with stiffness of
11 MPa restoring knee contact mechanics. Overall, current lit-
erature shows a positive effect of a meniscus repair on the func-
tional outcome and progression of osteoarthritis [20, 23, 27].

FEA and ACL/PCL reconstruction

FEA has also been used to investigate the factors that influ-
ence the success or failure of ACLr, including the graft tension,
the tunnel placement, the type of fixation, the selection of graft
and the additional lateral extra-articular procedure [14, 28].
Pena et al. [14] investigate the effect of graft stiffness and ten-
sioning at different angles of knee joints and different tension
loads. Their results showed that the anterior translation of the
tibia after ACLr was closer to that of an intact knee when
bone-patellar tendon-bone graft and 60 N of pretension were
used. Regarding tunnel placement, Tampere et al. [29] found
that the transtibial technique had a larger variance in tunnel
placement on both the femoral and tibial side, with the antero-
medial technique placing tunnels close to the anatomical centre
of the ACL footprints. The graft fixation is essential for the
longevity of ACLr, while the ideal fixation method should pro-
vide sufficient resistance to the daily forces, reduce post-opera-
tive stiffness and maintain the stability of the knee joint [28].
Abidin et al. [30] published a biomechanical analysis of the
three different types of fixators for ACLr based on FEA and
they found that cross-pin at the femur had the best stability.
However, both the interference screw and the cortical button
were found to be adequate for graft fixation (Table 2).

Despite the relative importance of both ACL and PCL in
knee joint function, PCL has received less attention than the
more frequently injured ACL [15]. However, studies have eval-
uated the benefits of single- and double-bundle PCLr in terms
of biomechanical outcomes [15, 31]. In a previous study, Yoon
et al. [31] reported that the double-bundle augmentation PCL
technique was more beneficial in restoring posterior and

rotational stability. They also found that double-bundle PCL
had lower ligament stress values, preventing secondary compli-
cations [31]. Furthermore, the importance of tunnel position at
their anatomical locations is critical to providing superior
post-operative stability on the knee joint [32, 33]. In particular,
Yang et al. showed that anatomical placement and a large tibial
tunnel angle of 60� can effectively weaken the “killer turn”
effect during PCLr [32]. For the femoral side, Wang et al.
[33] found that the placement of the femoral tunnel just
5 mm distal and 5 mm anterior to the footprint can reduce
the stress of the graft and also reduce the “critical corner”, with-
out eliminating the posterior stability of the knee joint (Table 2).

It should be noted that FEA has assisted regarding the
reconstruction technique [29, 31], the graft tension [14], the
type of fixation [30] and the proper tunnel placement [32, 33]
in ligament reconstruction. However, FEA, an advanced
computer-based method providing numerical solutions, requires
further practical clinical verification, to confirm initial computa-
tional findings from ligament reconstruction. The main limita-
tion of FEA is the reproduction of the viscoelastic properties
of the ligament, limiting to accurate remodelling of the ligament
behaviour. Ligament viscoelasticity decreases the load graft
tension and stiffness, while it plays an important role in the final
graft fixation [14]. The simplification of ligament modelling by
using linear, isotropic and homogenous elements may affect the
predictions from real-life conditions [30, 32]. Nevertheless,
ligament simplification, by using linear spring elements, has
been used in the literature with acceptable accuracy outcomes
[30, 32].

FEA and lateral extra-articular augmentation
techniques (LEAT)

The anterolateral ligament (ALL) is an important structure
of the lateral knee, playing a crucial role in dynamic daily activ-
ities [35]. An FEA study based on a three-dimensional solid
knee model found that the ALL is a secondary stabilizer of
the knee joint, especially against the internal rotation of the
knee at a higher of 30� of flexion [34]. It has been proven that
both ligaments, ALL and ACL, act as secondary stabilizers to
each other under dynamic conditions, especially during internal
tibial rotation [34]. In this fact, different extra-articular augmen-
tation techniques have been used to protect and minimize the
risk of re-rupture after ACLr. Among them, ALL reconstruction
and lateral extra-articular tenodesis (LET) with the use of an
iliotibial band are the most common lateral augmentation
procedures [36].

Studies have shown that both techniques increase rotational
stability by minimizing the anterior translation and internal rota-
tion while eliminating the risk of graft failure [16, 37]. Specif-
ically, tibial anterior translation was less than 4 mm for the
intact knees and knees with ALL reconstruction, while the
translation was up to 10 mm in deficient knees [37]. In the same
direction, intact and reconstructed knees revealed an internal
rotation between 6� and 12� depending on flexion angle, with
internal rotation being up to 20� in deficient knees [37]. In addi-
tion, regarding the combined ACLr and LET, the posterior
translation during the pivot shift test showed up to 3.5 mm of
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translation, while ACLr alone yielded up to 5.5 mm of transla-
tion [16]. Therefore, it can be easily concluded that LEAT
reduces approximately 50% of tibial translation and internal
rotation. On the other hand, this behaviour of LEAT can lead
to over-constraint of the lateral compartment of the knee joint.
Risvas et al. [16] showed that LET leads to over-constrained
knee behaviour regarding external tibial rotation (Table 2),
while this effect on the range of motion of the knee and
advancement of osteoarthritis is still controversial. Furthermore,
in order to address the problem of instability without risking
over-constraint the knee, Thaunat et al. [37] proposed a more
postero-proximal femoral attachment for ALL reconstruction.
This procedure minimizes the tibiofemoral contact forces and
decreases the risk of over-constraint the lateral tibiofemoral
compartment.

Currently, the type of treatment is based on the long-term
objectives and whether the patient wishes to continue demand-
ing activities and sports [16]. Both ALL reconstruction and
LET have been shown safe and effective, minimizing the risk
of graft failure. Thus, the addition of a LEAT seems to be a crit-
ical factor that affects the long-term outcomes [16, 36, 37].

FEA and MPFL reconstruction

Traumatic patellar dislocation is a common sports-related
knee injury that occurs most often in young, active patients
under the age of 20 years [38]. Considering that almost
100% of patients with patellar dislocation suffer from MPFL
rupture [39], MPFL reconstruction may be a reliable surgical
treatment for a first-time episode [40, 41]. Studies have shown

Table 2. Summary of the major findings of the included studies regarding ACL, PCL and ALL/LET.

Study Material model Experimental design Conclusion
ACL
Pena et al., 2005

[14]
MRI-based knee

model
Graft stiffness and tensioning in ACLr at

different knee flexion angles with three
different grafts

Anterior translation of tibia was closer to that
of an intact knee when BPTB graft and 60 N
of pretension were used

Tampere et al.,
2019 [29]

CT- and MRI-based
knee model

Ability of the AM and TT techniques to
achieve anatomical placement of femoral
and tibial tunnel

AM technique provides shorter femoral
tunnels and close to the anatomical
footprint, while TT technique provides
larger intra-articular, oval shaped hole and
longer femoral tunnels

Abidin et al., 2021
[30]

CT-based knee
model

Biomechanical effects of different types of
fixators (cross-pin, interference screw,
cortical button)

Cross-pin has optimum stability in terms of
stress and strain at femoral site, while
interference screw and cortical button
provide adequate fixations for the graft

PCL
Ramaniraka et al.,

2005 [15]
CT- and MRI-based

knee model
Effects of PCLr techniques (one bundle, two

bundles) on the biomechanics of the knee
joint

Resected PCL should be replaced to avoid
compressive forces and cartilage
degeneration, while both reconstruction
techniques partially restore knee
biomechanics

Yoon et al., 2010
[31]

CT-based knee
model

Biomechanical evaluation of different PCLr
techniques (one bundle, two bundle and two
bundle augmentation)

Double bundle augmentation is superior
regarding posterior and rotational stability
and present lower stresses in the graft

Yang et al., 2023
[32]

CT-based knee
model

Influence of TTA and PTS during PCLr Anterior open-wedge HTO (+8� PTS), as well
as a large TTA of 60� can affectively
weaken the “killer turn” effect during PCLr

Wang et al., 2023
[33]

CT- and MRI-based
knee model

Ideal femoral tunnel during PCLr to reduce
peak stress of the graft

Femoral tunnel 5 mm distal and 5 mm anterior
to the anatomical footprint can reduce the
stress on the graft, without sacrifices the
posterior stability of the knee

ALL/LET
Risvas et al., 2024

[16]
MRI-based knee

model
Interactions of ACLr combined LET on

rotational stability of the knee
LET lead to a decrease in both external tibia

rotation and posterior tibia translation, while
larger values of tension may lead to over-
constraint knee

Ugur et al., 2017
[34]

CT-based knee
model

Reaction forces on tibia during internal
rotation and ADT on both ACL and ALL

ALL is an important stabilizer against internal
rotation of tibia, while ACL reflects an
antagonist effect at 30� and higher flexion
angles

Abbreviations: CT, computed tomography; MRI, magnetic resonance imaging; ACL, anterior cruciate ligament; ACLr, anterior cruciate
ligament reconstruction; PCL, posterior cruciate ligament; PCLr, posterior cruciate ligament reconstruction; ALL/LET, anterolateral ligament/
lateral extra-articular tenodesis; AM, anteromedial; TT, transtibial; BPTB, bone-patellar tendon-bone; TTA, tibial tunnel angle; PTS, posterior
tibial slope; HTO, high tibia osteotomy; ADT, anterior drawer test.
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an increase in the patellofemoral contact pressures after both
anatomic and non-anatomic MPFLr [17, 42]. According to
Sanchis-Alfonso et al. [17], the average patella contact pressure
increased to 6.55 MPa and 14.74 MPa at 30� of knee flexion for
anatomic and non-anatomic MPFLr, respectively. In the same
study, authors observed an increase in the patellofemoral con-
tact pressure to 2.17 MPa at 0� and 0.14 MPa at 30� with the
use of semitendinosus as a graft compared to normal native
knee (0.18 MPa at 0� and 0.016 MPa at 30�) [17]. However,
Kheir et al. [43] have shown that concomitant lateral retinacu-
lum release with MPFLr in knees with tibial tuberosity-trochlea
groove of 12 mm may result in approximately 40% decrease in
contact pressure and contact area. This may have a negative
impact, increasing the lateral patellar displacement with
increased knee flexion, which may predispose to the risk of
lateral patellar instability. Moreover, Sanchis-Alfonso et al.
[44] found that the dynamic MPFLr resulted in lower patellar
contact pressure from 0� to 30� of knee flexion compared to
static reconstruction. They found that the pressure in dynamic
reconstructions was similar compared with an intact knee,
minimizing the risk of patellofemoral osteoarthritis in the long
term (Table 3) [44].

Considering the femoral insertion, Watson et al. [45]
found increased maximum patellofemoral contact pressures
following MPFLr when the femoral insertion site was placed
anterior and distal to the anatomic insertion. The choice of
the femoral insertion in MPFLr for young patients with open
physis is also crucial [46]. A femoral graft insertion site, which
is located distally from the growth plate, demonstrates positive
outcomes, while an FEA may increase post-operative stability
and minimize risks associated with operative intervention
(Table 3) [46].

Despite the significant findings from the literature over the
last decade, the potential limitations of the MPFLr and FEA are

that the patellofemoral joint anatomy is a unique structure and
presents a high variability. Most of the studies include models,
which are based on a normal knee without taking into consid-
eration factors for patellar instability, such as trochlea dysplasia,
lateralization of the tibial tubercle and patella height [43]. In
addition, there is a problem among studies, which are trying
to distinguish the soft tissues, the cartilage and the bone, where
the patellofemoral joint was reconstructed based on CT scans
[17, 44, 46]. In these studies, cartilage thickness was estimated
by taking a fixed measure into account [44, 46].

Conclusions

Orthopaedic surgery is a topic where FEA can assist in
different parts. FEA is a computer simulation technique and
provides many benefits against real models. It is used to predict
the behaviour of an anatomical structure, a surgical technique
and an individualized treatment option under different external
forces, such as stress and strain. This method is reproducible
without ethical limitations and may be very helpful in reproduc-
ing a surgical procedure and allow the surgeons to simulate
how this procedure could respond before being applied to
patients. Although FEA has been widely applied in the ortho-
paedic world for more than four decades, many things should
also be planned and investigated, to improve the accuracy
and the effectiveness of this method. In the future, FEA
models may combine MRI-CT data allowing more precise
extraction of cartilage thickness and also determining patient-
specific characteristics, which are related to the integrity of
the model.
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Table 3. Summary of the major findings of the included studies regarding MPFL.

Study Material model Experimental design Conclusion
Watson et al., 2015

[42]
MRI-based knee

model
Lateral force displacement of the patella after

MPFLr
MPFLr increases the patella lateral restraining

force, while a more anterior placement to
the femoral anatomical insertion could
increase the contact force and area

Kheir et al., 2022
[43]

MRI-based knee
model

Knee biomechanics after lateral retinaculum
release combined with MPFLr

Release of the lateral retinaculum combined
MPFLr decrease patellofemoral contact
pressure/area and increase lateral patella
displacement starting at 20� knee flexion

Sanchis-Alfonso
et al., 2019 [44]

CT-based knee
model

PF biomechanics after different MPFL fixation
techniques

Patellar contact pressures after dynamic
MPFLr were similar of the native knee,
whereas static MPFLr resulted in greater
pressures, potentially increasing the risk of
PF OA in long term

Watson et al., 2017
[45]

MRI-based knee
model

Biomechanical effects of patella alta on
contact pressures within PF joint after
MPFLr

Patella alta after MPFLr decreases lateral
restraining force and PF contact area, while
increases PF contact pressures

Wei et al., 2024
[46]

CT-based knee
model

Explore the more suitable MPFLr strategies for
young patients with open physis

A distally-located femoral graft insertion site
during MPFLr demonstrates positive
outcomes

Abbreviations: CT, computed tomography; MRI, magnetic resonance imaging; MPFL, medial patellofemoral ligament; MPFLr, medial
patellofemoral ligament reconstruction; PF, patellofemoral; OA, osteoarthritis.
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