
fbioe-08-00967 August 18, 2020 Time: 17:33 # 1

REVIEW
published: 20 August 2020

doi: 10.3389/fbioe.2020.00967

Edited by:
Tarun Goswami,

Wright State University, United States

Reviewed by:
Nicola Francesco Lopomo,

University of Brescia, Italy
Uriel Zapata,

EAFIT University, Colombia

*Correspondence:
Dimitrios E. Tsaopoulos
d.tsaopoulos@certh.gr

Specialty section:
This article was submitted to

Biomechanics,
a section of the journal

Frontiers in Bioengineering and
Biotechnology

Received: 06 May 2020
Accepted: 27 July 2020

Published: 20 August 2020

Citation:
Benos L, Stanev D, Spyrou L,

Moustakas K and Tsaopoulos DE
(2020) A Review on Finite Element

Modeling and Simulation of the
Anterior Cruciate Ligament

Reconstruction.
Front. Bioeng. Biotechnol. 8:967.

doi: 10.3389/fbioe.2020.00967

A Review on Finite Element Modeling
and Simulation of the Anterior
Cruciate Ligament Reconstruction
Lefteris Benos1, Dimitar Stanev2,3, Leonidas Spyrou1, Konstantinos Moustakas2 and
Dimitrios E. Tsaopoulos1*

1 Institute for Bio-Economy and Agri-Technology, Centre for Research and Technology-Hellas, Thessaloniki, Greece,
2 Department of Electrical and Computer Engineering, University of Patras, Patras, Greece, 3 School of Engineering, Institute
of Bioengineering, École Polytechnique Fédérale de Lausanne, Lausanne, Switzerland

The anterior cruciate ligament (ACL) constitutes one of the most important stabilizing
tissues of the knee joint whose rapture is very prevalent. ACL reconstruction (ACLR)
from a graft is a surgery which yields the best outcome. Taking into account the
complicated nature of this operation and the high cost of experiments, finite element (FE)
simulations can become a valuable tool for evaluating the surgery in a pre-clinical setting.
The present study summarizes, for the first time, the current advancement in ACLR in
both clinical and computational level. It also emphasizes on the material modeling and
properties of the most popular grafts as well as modeling of different surgery techniques.
It can be concluded that more effort is needed to be put toward more realistic simulation
of the surgery, including also the use of two bundles for graft representation, graft
pretension and artificial grafts. Furthermore, muscles and synovial fluid need to be
included, while patellofemoral joint is an important bone that is rarely used. More realistic
models are also required for soft tissues, as most articles used isotropic linear elastic
models and springs. In summary, accurate and realistic FE analysis in conjunction with
multidisciplinary collaboration could contribute to ACLR improvement provided that
several important aspects are carefully considered.

Keywords: ACL reconstruction, finite element analysis, graft modeling, graft type, graft fixation, graft pretension

INTRODUCTION

Knee is one of the most elaborate joints in the human body. It is subject to large loads and, as a
consequence, prone to injury. In particular, knee is classified as the most regularly injured joint in
athletes, since participation in sports activities involves high tissue loading accompanied with high
pivoting. Among knee injuries, anterior cruciate ligament (ACL) rupture is the most common one
and causes anteroposterior laxity leading to an unstable knee (Legnani et al., 2010). Predisposing
factors include biomechanical and neuromuscular abnormalities, sex hormones, mutations of
collagen producing genes and structural influences of the knee (Vaishya et al., 2015).

Anterior cruciate ligament has a very poor healing capacity, which has been corroborated by
a number of in vivo and in vitro experiments (Mahapatra et al., 2018). Furthermore, no local
healing takes place in complete ruptures (Hefti et al., 1991). The formation of a fibrin-platelet

Abbreviations: ACLR, anterior cruciate ligament reconstruction; BPTB, bone-patellar tendon-bone.
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scaffold, which would contribute to the primary ACL healing,
is prevented by the intra-articular movement as well as the
synovial fluid (Murray et al., 2010). In persons with ACL-deficient
knees, knee instability is observed, while other components of
the joint are also at risk of injury, such as menisci and cartilages
(Mehl et al., 2019).

The inability of ACL to regenerate after injury is the primary
reason why ACL reconstruction (ACLR) is regarded as the
gold standard treatment (Mahapatra et al., 2018). During this
surgical operation, a graft is employed to replace the injured
ligament. Therefore, it should be clarified that ACLR, which is
the subject of this study, is a completely different procedure than
the ACL repair. The latter aims at preserving and repairing the
native tissue (Mahapatra et al., 2018). Although ACLR has been
established as the preferred choice, there is a plethora of different
surgery approaches depending on the surgeon’s experience as well
as the patient’s condition.

For example, the tunnel in femur can be accomplished either
via a transtibial or anteromedial technique. The latter is also
known as transportal technique. The transtibial technique utilizes
the graft in a relatively vertical position, whereas the anteromedial
technique enables the surgeon to choose the femoral tunnel
position according to the patient’s needs (Vaishya et al., 2015).
Non-anatomic and anteriorly located femoral tunnels can be
observed with the transtibial technique, while the anteromedial
technique results in an anatomic ACLR (Arno et al., 2016). Which
of the two approaches leads to better clinical outcome is still a
topic of debate (Chen et al., 2017). Some researchers reported
that the anteromedial technique gives better functional outcomes
and knee stability (Mandal et al., 2012; Brown et al., 2013), but
on the other hand, there is plenty of support that transtibial
technique has similar outcomes (Arno et al., 2016; Ozel et al.,
2017). Apart from the different techniques pertaining to the
femoral tunnel, there are various approaches regarding the grafts
used as substitutes of the original ACL, operative techniques,
fixation devices and initial graft tension (or pretension), which
will be presented in this study.

Computational biomechanics furnishes a new methodology
that can offer beneficial information that are hard to be obtained
experimentally (Stanev et al., 2016). Besides, in vivo experiments
are very costly, time-consuming and technically complicated
(Weiss et al., 1996). However, development of accurate numerical
models of the knee joint is a demanding task, mainly on
account of the intricate nature of the joint itself and the realistic
mechanical properties that should be assigned to the soft tissues.
Finite element (FE) methodology is an ideal tool for capturing
the effect of geometry and material properties on the mechanics
of the knee. Subject-specific geometries can be obtained through
magnetic resonance (MR) imaging and discretized into FE.
Subsequently, material models and properties are assigned to
the knee components, while adequate initial and boundary
conditions as well as interactions between them are imposed.
With FE simulations one can test hypotheses and understand
the complex cause-effect of different loading conditions and the
response of the soft tissues.

A validated numerical model can facilitate the evaluation
of the overall effect of a plethora of variables related to graft

tension, tunnel dimensions and selection of graft. It can also
assess alternative techniques for the ACLR, that otherwise would
require a considerable number of patients and the design
of complex experimental setups (Richter et al., 2018). As a
consequence, FE analysis can contribute not only to decrease
the cost of treatment, but also to the optimization of current
methodologies and investigation of new ones. Current progress
in ACLR has been summarized in review papers such as Fu
et al. (1999), Beasley et al. (2005), Duquin et al. (2009), Kim
et al. (2013), and Vaishya et al. (2015). However, to the best of
our knowledge, the progress in numerical modeling, as assistive
tools for pre-surgery planning, has not been reported in the
literature. The present review focuses on providing a systematic
investigation of what has been achieved in FE simulation of
ACLR so far along with discussing the up-to-date advancement
in this operation.

Hereafter, this manuscript is divided into four sections. In
section “Methods,” the search methodology is described in
conjunction with the imposed exclusion criteria. Subsequently,
an extensive section pertaining to the “Finite Element Modeling
of ACLR Reconstruction” follows, which includes five
subsections, namely the “Knee Joint Anatomy,” “Geometry
Modeling and Mesh Generation,” “Loading and Boundary
Conditions,” “Material Modeling and Properties of Grafts” and
“Verification and Validation Assessment.” Finally, an analysis on
“Simulation of Different Surgery Techniques” is also presented
along with the current progress in each treatment, where
the main differentiation of the chosen studies was observed.
These techniques include “Single- or Double-Bundle ACL
Reconstruction,” “Graft Options,” “Graft Fixation,” and “Graft
Pretension.” This review ends with the section “Conclusion”
with the intention of highlighting the most important results,
suggesting future directions as well as stating the “Study
Limitations and Strengths.”

METHODS

The search engines of Google Scholar, PubMed, and Scopus
were used with the object of finding publications related to FE
modeling and simulation of ACLR. For this purpose, different
keyword combinations of “finite element,” “ACL reconstruction”
and “knee joint biomechanics” were used. The date of the last
search was February 28, 2020. Based on their title and abstract,
the papers were filtered in order to select those ones that meet
the following two basic criteria: (a) a three-dimensional (3D)
FE model of the knee joint is examined and (b) the topic of
the study is the ACLR with a graft being used instead of native
ACL. Moreover, there is a plethora of studies investigating FE
knee simulation using the material properties of an intact ACL.
On the contrary, only 26 publications were found to meet the
aforementioned criteria, mainly due to the versatile nature of
the numerical problem itself and the theoretical background
needed pertaining to the surgical operation. Furthermore, non-
English articles, Master and Doctoral Theses were excluded from
the aforementioned research. Figure 1, which is based on the
PRISMA guidelines (PRISMA, 2020), shows a flowchart of the
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FIGURE 1 | Flowchart of the present review methodology.

present methodology, while Table 1 includes all the selected
publications along with a brief description of their main objective
and followed validation method in a chronological order.

FINITE ELEMENT MODELING OF ACL
RECONSTRUCTION

Knee Joint Anatomy
In this subsection, the anatomy of the knee joint is briefly
presented in order to obtain a good understanding of the
knee’s structural components that need to be considered in the
modeling process.

The knee joint consists of four bones, namely femur, tibia,
patella, and fibula. In particular, fibula is situated at the lateral
side of the knee, having a similar length to tibia but being much
thinner. Each end of the bones has an articular cartilage, which
is an avascular sponge-like tissue, enabling the bones to slide
along each other with minimal friction (Saarakkala et al., 2010).
In addition to cartilages, protection of bones is assured by two

menisci, which are crescent-shaped cartilaginous tissues, located
between the tibial plateau and femoral condyle (Makris et al.,
2011). As a synovial joint itself, a capsule encloses the joint.
More specifically, the synovial fluid fills the gap between the
cartilages, thus, providing lubrication for the purpose of reducing
wear and friction (Schmidt and Sah, 2007). There are four
primary ligaments, namely medial and lateral collateral ligaments
(usually abbreviated as MCL and LCL, respectively), anterior and
posterior cruciate ligaments (usually abbreviated as ACL and
PCL, respectively). Moreover, the patellar ligament stabilizes the
knee via resisting forces and moments (Claes et al., 2013). The
schematic illustration of the tibiofemoral joint anatomy, depicted
in Figure 2, includes the bones, their cartilages, both menisci and
the four primary ligaments mentioned above, which are typically
included in a knee FE model.

Geometry Modeling and Mesh
Generation
The procedure of developing anatomical FE models begins with
the acquisition of medical images [MR images or computed

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 3 August 2020 | Volume 8 | Article 967

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


fbioe-08-00967 August 18, 2020 Time: 17:33 # 4

Benos et al. FE Modeling and Simulation of ACL Reconstruction

TABLE 1 | List of papers dealing with the FE modeling and simulation of ACLR along with the methodology followed for validation assessment.

References Main objective Model validation method

Suggs et al., 2003 Evaluation of the influence of stiffness (similar to native 1ACL,
2BPTB of 10 and 14 mm) and initial tension of grafts upon knee
kinematics and biomechanics.

A validated intact knee 3FE model (Li et al., 1999) was used whose
internal-external moments had been tested against the
experimental results from a robotic testing system utilizing a
cadaver’s knee.

Au et al., 2005 FE stress analysis of bone tunnels and cortical bone subject to
button-type fixation in reference to two different age groups.

The FE model of tibia was validated against in vitro strain gage data
from Reilly et al. (1982) and Bourne et al. (1984).

Peña et al., 2005 Investigation of the impact of graft stiffness (BPTB, gracilis, and
quadrupled semitendinosus graft) and initial tension on the knee
biomechanics.

The numerical results regarding anterior tibial translation were
compared with those of Suggs et al. (2003).

Peña et al., 2006 Assessment of the angle effect of the tibial and femoral tunnels in
4ACLR with BPTB on the knee joint kinematics and meniscal
stresses with a 134 N anterior load under different flexion angles.

The existing FE model (Peña et al., 2005) was also tested against
the in vitro findings of Simmons et al. (2003) concerning graft
tension at different flexion angles.

Ramaniraka et al., 2007 Various reconstructions were simulated and evaluated (a healthy
knee, intra-articular with single- and double-bundles, extra-articular
alone and extra-articular combined with intra-articular) regarding
knee kinematics.

The numerically obtained knee kinematics were compared with the
clinical results of Skyhar et al. (1993) and Harner et al. (2001).

Chizari et al., 2008 Experimental and numerical investigation of the stress pattern in the
tibial tunnels owing to screw fixation.

The porcine tibia’s responding to a bovine tendon loading along the
line of the tibial tunnel was tested against authors’ experimental
results.

Chizari and Wang, 2009 The methodology concerning the development of a subject-specific
FE ACL reconstructed knee model was described step by step
along with some preliminary results.

This conference paper did not mention any validation information
except for some preliminary results for their paper that follows
hereupon.

Chizari et al., 2009 Evaluation of the stresses on the tendon and tibia and their relation
to healing modes of animal studies with a 200 N tensile load
applied to the graft.

The porcine tibia’s respond to a bovine tendon pure tensile load of
200 N along the line of the tibial tunnel was tested against authors’
experimental results.

Chizari et al., 2011 Simulation of the behavior of an ACL reconstructed knee with an
interference screw fixation in both single-cycle and cycle loading
tests and comparison with experiments by using porcine tibia and
bovine tendon.

The above FE model was used by additionally adopting a
Moonley–Rivlin hyperelastic model, the coefficients of which were
experimentally found.

Kim et al., 2011 Estimation of variation in the length and tension of the double
bundles at various flexion angles.

The numerical change of the bundles’ length under different flexion
angles was compared with in vivo results of Yoo et al. (2010).

Wan et al., 2011 Quantitative analysis of the influence of the effect of different ACL
graft reconstructions on the biomechanics of the knee joint.

The numerical results regarding anterior tibial translation were
compared with those of Suggs et al. (2003) and Peña et al. (2005).

Abdullah et al., 2012 Investigation of the effect of interference screw material in reference
to its stability in ACLR.

The authors did not mention any model verification process. They
only referred to the use of a commercial FEA software.

Yao et al., 2012 FE analysis related to the influence of tunnel formation on articular
stress deterioration following single- or double-bundle ACLR
subject to various loading conditions.

(a) The deformation of the menisci was compared with obtained MR
images and (b) the contact areas on tibia under compressive forces
were compared with the experimental findings of Fukubayashi and
Kurosawa (1980).

Huang et al., 2012 Different ACLR techniques were investigated, including
single-bundle, double-tibial single-femoral, double-tibial
double-femoral and single-tibial double-femoral under valgus
moment of 10 Nm and internal torque of 5 Nm.

The numerical results regarding anterior tibial translation were
compared with those of Yagi et al. (2002); Suggs et al. (2003), and
Peña et al. (2005).

Westermann et al., 2013 Evaluation of the effect of graft size for the Lachman test, estimation
of knee laxity, meniscal stresses and peak contact pressures on
articular cartilage.

Comparison of the simulated tibial translation under anterior tibial
load with some numerical and experimental studies (Yagi et al.,
2002; Brophy and Pearle, 2009; Kato et al., 2013).

Wang et al., 2015 Simulation of the anatomic and transtibial single-bundle ACLR with
2 graft fixation angles under intact, ACL deficient and reconstructed
context subject to anterior and quadriceps loads equal to 134 and
400 N, respectively, at various flexion angles.

This study used the validated FE model developed in Suggs et al.
(2003).

Bae et al., 2016 Evaluation of the tunnel position and shape, the bending angles of
graft and the biomechanical effects on the grafts utilizing either an
anatomic transtibial or anteromedial portal technique.

The calculated peak stresses of the tibia-bundle contact were
compared with those of Kim et al. (2011).

Halonen et al., 2016 Study of optimal graft prestrain and different ACLR techniques
(single- and double-bundle ACLR) during gait.

Authors used previous validated healthy knee FE models
(compared against experiments) by replacing ACL with a graft
under different ACLR techniques (Halonen et al., 2014).

Vairis et al., 2016 Investigation of the mechanical knee joint behavior by calculating
stresses and displacements of an intact ACL, a deficient ACL, and
a reconstructed ACL FE model.

Same load scenarios with Bendjaballah et al. (1995) and Moglo and
Shirazi-Adl (2003) were performed regarding intact ACL and
ACL-deficient knee at 0◦ of flexion angle.

(Continued)
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TABLE 1 | Continued

References Main objective Model validation method

Westermann et al., 2017 Investigation of knee biomechanics and kinematics for optimizing
graft placement close to the anatomic femoral footprint.

This study used the validated FE model developed in Westermann
et al. (2013)

Kang and Bae, 2017 Determination of the optimal tunnel starting position on femur under
an outside-in surgery technique via stress analysis on the graft,
estimation of the graft bending angles, tunnel length by considering
continuous motion of the knee.

The authors did not mention any model verification process. They
only referred to the use of a commercial FEA software.

Wan et al., 2017 Effect of different lengths of hamstring tendon in ACLR under two
common clinical loads, namely an anterior tibial drawer as well as
pivot shift.

This study used the validated FE model developed in Wan et al.
(2011).

Bae and Cho, 2019 Study of the influence of pretension on the graft in ACLR surgery via
stress analysis along with assessment of optimal tunnel position in
femur.

Comparison of the calculated graft stresses with the experimental
values of Noyes and Grood (1976).

Completo et al., 2019 4FE analysis of the effect of the bone tunnels sites on kinetics and
stresses distribution and functional outcomes after ACLR.

The kinematics and kinetics from the intact ACL model were in the
same range with in vivo studies such as Liu et al. (2010).

Tampere et al., 2019 Reaction forces and moments within the graft were calculated for
anteromedial portal and transtibial techniques. Moreover, the
location of the tunnel concerning the anatomical center of the
insertion sites was assessed.

Statistical comparison with the CT imaging study of Clockaerts
et al. (2016)

Naghibi et al., 2020 FE analysis, founded on cadaveric experiments, regarding 3
ordinary single-bundle and 1 double-bundle ACLR to determine the
optimal graft positions along with graft type and tensioning to
restore the kinematics of the knee. To this end, a gait cycle was
simulated.

The translational and rotational kinematics of the knee joint under
different flexion angles and loading scenarios were tested with the
experimental findings of Naghibi Beidokhti et al. (2017)

1ACL, anterior cruciate ligament; 2BPTB, bone-patellar tendon-bone; 3FE, finite element; 4ACLR, anterior cruciate ligament reconstruction.

tomography (CT) images]. These images are carefully processed
in order to obtain a 3D subject-specific representation of the
underlying anatomical geometry (Kazemi et al., 2013). Within
that process, (1) the medical images are first segmented to
describe the boundaries of the anatomical structures, (2) the
3D surfaces of these structures are calculated directly from the
3D reconstruction of the segmented images, and (3) volume
meshes are created by filling with FE the volume enclosed by
each surface. Additionally, a procedure of smoothing the surfaces
can be followed so as to be able to obtain FE meshes with
minimum artifacts (e.g., sharp edges) and, as a result, to improve
the accuracy of the FE analysis.

Interestingly, MR images are frequently chosen for soft
tissue reconstruction while CT images for bones (Kazemi et al.,
2013). Also, subject-specific geometrical models may result
either by segmenting cadaveric or living subjects. Depending on
the research questions to be answered, two-dimensional (2D)
representation of the knee joint may also be used in a FE analysis
(Federico et al., 2004; Wilson et al., 2005).

As an illustrative example regarding the development of
subject-specific FE knee models, the pipeline used by our
group (Nikolopoulos et al., 2020; Stanev et al., 2020) is
depicted in Figure 3. In short, the process starts with the
collection of the knee joint MR images. Then, the 2D slices are
segmented automatically, since automatic methods are scalable
to large data sets and reduce the tedious work required by
manual methods. The automatic segmentation method may
produce geometries that have rough surfaces and irregular
components. Hence, these components can be removed and
the refined geometries can be used to create volumetric
meshes without any significant loss of the anatomical geometry.

FIGURE 2 | Schematic illustration of the knee joint anatomy.

Volumetric locking in finite elements has been a major concern
when modeling the response of incompressible (or almost
incompressible) materials such as cartilage. To avoid volumetric
locking, hexahedral meshes are generally preferred. However,
automatic hexahedral mesh generation is still considered to be
a challenging research topic.

As can be seen in Table 2 and illustrated in Figure 4, for 3D
FE representation, two types of elements are commonly used for
the generation of the mesh, namely hexahedral and tetrahedral
elements. The former refer to eight-node trilinear hexahedral
elements (one node for each corner) that are also called brick

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 5 August 2020 | Volume 8 | Article 967

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


fbioe-08-00967 August 18, 2020 Time: 17:33 # 6

Benos et al. FE Modeling and Simulation of ACL Reconstruction

FIGURE 3 | Overview of the modeling and simulation approach for creating subject-specific FE models that are used for detailed analysis of complex movements.

elements. Their shape functions in the form of isoparametric
coordinates (r, s, t) read:

91 = 1/8 (1− r) (1− s) (1− t) , 92 = 1/8 (1+ r) (1− s) (1− t) ,

93 = 1/8 (1+ r) (1+ s) (1− t) , 94 = 1/8 (1− r) (1+ s) (1− t) ,

95 = 1/8 (1− r) (1− s) (1+ t) , 96 = 1/8 (1+ r) (1− s) (1+ t) ,

97 = 1/8 (1+ r) (1+ s) (1+ t) , 98 = 1/8 (1− r) (1+ s) (1+ t) .

(1)

The tetrahedral elements were presented in the form of either
a linear four-node or ten-node quadratic tetrahedral element. The
shape functions of the four-node elements (one node for each
corner) are:

91 = 1− r − s− t, 92 = r, 93 = s, 94 = t (2)

while the shape functions of the ten-node elements (four nodes at
the corners and six nodes at the edges midpoint) are:

91 = ti (2ti − 1) , i = 1 . . . 4,

95 = 4t1t2, 96 = 4t2t3, 97 = 4t3t1,
98 = 4t1t4, 99 = 4t2t4, 910 = 4t3t4
with t1 = 1− r − s− t, t2 = r, t3 = s, t4 = t.

(3)

It should be stressed that simpler representation of the
ligaments and grafts via springs was presented, as it will
be discussed in section “Material Models and Properties.”
Furthermore, when a rigid representation of the bones were used,
the discretization was made with shell elements. The four-node
quadrilateral shells, shown in Figure 4, are given by the following
shape functions in the form of isoparametric coordinates:

91 = 1/4 (1− r) (1− s) , 92 = 1/4 (1+ r) (1− s) ,

93 = 1/4 (1+ r) (1+ s) , 94 = 1/4 (1− r) (1+ s)
(4)

Regarding the three-node shell elements, the shape
functions read:

91 = 1− r − s, 92 = r, 93 = s (5)

Comprehensive description of all types of elements used in
FE methodology in structural mechanics can be found in several
references, including the theory manual of the open source

software FEBio (Maas and Weiss, 2007) from which the above
relationships were derived.

As concerns the process of producing the tunnels for the
grafts, it can be accomplished via Boolean operations with twisted
cylinders so as to closely mimic the surgical intervention. As
an indicative methodology, the anatomic transtibial technique
implemented by Bae et al. (2016) is briefly analyzed here, where
a single-bundle methodology was adopted. Firstly, the femur
was rotated from 30◦ of flexion to 75◦ and then a 4 mm
anterior translation was imposed. Subsequently, a femoral and
tibial tunnel drilling of 7.5 mm diameter took place via Boolean
operations. The tunnel at the tibia was drilled at 30.4 and 37.0◦ in
the anterior and the lateral view, respectively. Finally, a graft with
a diameter of 7 mm was inserted into the tunnels of each bone to
connect the two tunnels by minimum distance.

Loading and Boundary Conditions
The loading and boundary conditions imposed in the FE studies,
which were selected for this review, can be partitioned into three
main categories.

In the first category, an anterior load or an internal torque
at the tibia is used for evaluating their effect on knee joint
kinematics and stresses within the graft. A 3D representation of
the graft should be implemented, since a spring representation
of it is not suitable for stress distribution calculation. The initial
FE modeling set-up is illustrated in Figure 5A. In particular, two
steps are usually used to simulate ACLR (see for example, Bae
et al., 2016). In the first step, the end graft area of the femur is
fixed, while, regarding the corresponding graft area of the tibia,
an initial tension is applied, which is aligned with the outward-
facing unit normal vector of the graft cross section. Moreover,
both the tibia and femur are completely fixed so as to prevent
their rotation and translation. In the second step, the tibia is fixed
similar to step 1. In the femoral tunnel, the end area of the graft
is attached to its inner surface, while the corresponding surface
in the tibial tunnel is fixed at its existing location (Bae et al.,
2016). Subsequently, femur rotation and translation, forces and
moments, can be applied similar to ordinary FE knee simulations
according to the studied application. Concerning the present
selected studies, a 134 N anterior load was applied to the tibia
in Suggs et al. (2003), Peña et al. (2005, 2006), Wan et al.
(2011, 2017), Wang et al. (2015). A posterior force of 100 N
was applied to the femur in different flexion angles in Naghibi
et al. (2020), while ten load cases, from 10 to 100 N, was tested
in (Vairis et al., 2016) and an internal tibial torque of 2 Nm
was applied in Ramaniraka et al. (2007). In Huang et al. (2012),
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TABLE 2 | Type of joint, surgery treatment, material models, and elements used by the reviewed papers along with the number of elements (whenever these
were available).

References Joint Bundles Cartilage Meniscus Ligaments/Graft Bones/other Total
1elements

number

Suggs et al.,
2003

2PF, 3TF 4SB 5LE 6 iso; 3 layers of
78NBE

3 compression 8spr Nonlinear tensile spr; 9ACL:
4, 10PCL: 4, 11MCL: 5,
12LCL: 3, 13BPTB: 1

Rigid; 144NSE 15N/A

Au et al., 2005 – SB Not included Not included Not included Tibia, femur (cortical,
cancellous, subchondral):
LE iso; 1610NTE

376,072

Peña et al.,
2005

TF SB Not included Not included Nonlinear 17HE fibered;
8NBE / BPTB

Tibia, femur: rigid / plugs:
LE iso; 4,783 4NSE

N/A

Peña et al.,
2006

TF SB LE iso LE iso Nonlinear HE fibered; 8NBE
/ BPTB

Tibia, femur: rigid / plugs:
LE iso; 4NSE

6,909

Ramaniraka
et al., 2007

TF SB, DB LE iso; 8NBE LE iso; 8NBE Nonlinear HE; 8NBE Rigid; 4NSE 36,500

Chizari et al.,
2008

– SB Not included Not included Only bovine tendon: LE iso;
184NLTE

Tibia (cortical, cancellous):
LE iso; 4NSE / screw: LE
iso; 194NBQE

N/A

Chizari and
Wang, 2009

– SB Not included Not included Only tendon: LE iso; 2179
4NLTE

Tibia: LE iso; 41,516 4NLTE 43,695

Chizari et al.,
2009

– SB Not included Not included Only bovine tendon: LE iso;
2,179 4NLTE

Porcine tibia: LE iso;
41,516 4NLTE

43,695

Chizari et al.,
2011

– SB Not included Not included Only bovine tendon: 20M-R
iso; 2,179 4NLTE

Porcine tibia: M-R iso;
41,516 4NLTE

43,695

Kim et al., 2011 TF DB Not included Not included Only graft (material not
mentioned): HE iso

Rigid N/A

Wan et al.,
2011

TF SB LE iso LE 21transv iso BPTB, 22DS, 23QS: N-H;
4NLTE

Rigid; 4NSE N/A

Abdullah et al.,
2012

TF SB Not included Not included Not included Only tibia: LE iso; 4NSE /
screw: LE

N/A

Yao et al., 2012 TF SB, DB LE iso; LE transv iso Nonlinear tensile spr / graft
(N/A)

Subchondral, cortical,
cancellous: LE iso

N/A

Huang et al.,
2012

TF SB, DB,
24SF-DT,
25DF-ST

LE iso; 8NBE LE iso; 8NBE Nonlinear HE fibered; 8NBE
/ BPTB

Rigid / plugs: LE iso N/A

Westermann
et al., 2013

TF SB 26HGO; 3 layers of
8NBE

HGO; 8NBE /
BPTB

HGO; 8NBE / graft (N/A) Tibia, femur: rigid; 4NBQE N/A

Wang et al.,
2015

PF, TF SB LE iso Compression
springs

Nonlinear tensile spr; ACL:
4, PCL: 4, MCL: 5, LCL: 3,
BPTB: 1

Rigid; 4NSE N/A

Bae et al., 2016 TF SB Not included Not included Only graft: nonlinear HE
fibered; 8NBE / QS

Rigid; 278NQSE N/A

Halonen et al.,
2016

PF, TF SB, DB 28FRPVE; 4 layers
of 298NBTDP

30FRPE; 4 layers of
8NBTDP

Nonlinear tensile spr / GS Rigid N/A

Vairis et al.,
2016

TF SB LE and 31N-H iso LE and N-H iso LE and N-H iso / patellar
tendon

LE and N-H iso 12,255
(32ACLR
scenario)

Westermann
et al., 2017

TF SB HGO; 3 layers of
8NBE

HGO; 8NBE /
BPTB

HGO; 8NBE / graft (N/A) Tibia, femur: rigid; 4NBQE N/A

Kang and Bae,
2017

TF SB Not included Not included Only graft (model and type
N/A)

Rigid N/A

Wan et al.,
2017

TF SB LE iso; 10NTE LE transv iso;
10NTE

Nonlinear HE fibered;
10NTE / hamstring tendon

Cortical, cancellous: LE iso;
10NTE

N/A

Bae and Cho,
2019

TF SB Not included Not included Only graft (Model and type
N/A)

Rigid N/A

Completo et al.,
2019

TF SB LE iso; 10NTE LE iso; 4NLTE LE iso; 4NLTE / BPTB Femur, tibia, fibula: Rigid;
333NTS

100,600

Tampere et al.,
2019

TF SB Not included Not included LE 34ortho, 8NBE Rigid N/A

(Continued)
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TABLE 2 | Continued

References Joint Bundles Cartilage Meniscus Ligaments/Graft Bones/other Total
elements
number

Naghibi et al.,
2020

PF, TF SB, DB Material modeling
(N/A); 10NTE

Material modeling
(N/A); 10NTE

Nonlinear tensile spr /
BPTB, QS, GS

Rigid N/A

1elem: elements; 2PF, patellofemoral; 3TF, tibiofemoral; 4SB, single-double; 5LE, linear elastic; 6 iso, isotropic; 78NBE, 8-node brick elements; 8spr, springs; 9ACL,
anterior cruciate ligament; 10PCL, posterior cruciate ligament; 11MCL, medial cruciate collateral ligament; 12LCL, lateral cruciate collateral ligament; 13BPTB, bone-
patellar tendon-bone; 144NSE, 4-node surface elements; 15N/A, not available; 1610NTE, 10-node tetrahedral elements; 17HE, hyperelastic; 184NLTE, 4-node linear
tetrahedral elements; 194NBQE, 4-node bilinear quadrilateral elements; 20M-R: Mooney–Rivlin HE model; 21Transv iso, transversely; 22DS, double semitendinosus; 23QS,
quadruple semitendinosus; 24SF-DT, single-femoral double-tibial; 25DF-ST, double-femoral single-tibial; 26HGO, Holzapfel, Gasser and Ogden HE model; 278NQSE, 8-
node quadratic surface element; 28FRPVE, fibril-reinforced poroviscoelastic; 298NBETDP, 8-node brick with trilinear displacement and trilinear pore pressure; 30FRPE,
fibril-reinforced poroelastic; 31N-H: Neo-Hookean HE model; 32ACLR, anterior cruciate ligament reconstruction; 333NTS, 3-node triangular shell; 34ortho, orthotropic.

FIGURE 4 | Type of elements used in the reviewed papers.

FIGURE 5 | Typical loading and boundary conditions applied in FE modeling of ACL reconstruction according to: (A) the first and (B) second type of loading
scenarios.

a combined valgus moment (10 Nm) and internal torque (5 Nm)
was simulated. Additionally, the Lachman test was simulated in
Westermann et al. (2013, 2017), Tampere et al. (2019), while
Kim et al. (2011), Bae et al. (2016), Westermann et al. (2017)
used no forces or torques, but only different flexion angles.
Finally, in Yao et al. (2012) three different loading scenarios were
investigated, namely a compressive load of 1,500 N, a moment of
internal rotation and an abducting moment corresponding to the
maximum values of a normal walking cycle.

The second category, on the other hand, consists of the
investigations which deal with the examination of the fixation
devices outcomes on stress distribution at the bones (Au

et al., 2005; Chizari et al., 2008, 2009; Chizari and Wang,
2009; Abdullah et al., 2012). In order to estimate stresses
caused by compression from graft anchors, such as buttons
and screws, the anchor is loaded with a 200 N force which
is directed in the direction of the tunnel, as it can be seen
in Figure 5B. This loading scenario is used to simulate the
graft tension during gait at full extension (Harrington, 1976).
Also, the lower tibial or the upper femoral part is considered
to be fixed. Fixation between the screw and bone tunnel, for
example, was supposed to be completely bonded, while no
sliding and separation was permitted between edges and faces in
Abdullah et al. (2012).
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Finally, the forces simulating a full gait cycle or the stance
phase along with flexion angles and internal/external torque were
also used as loading and boundary conditions in Naghibi et al.
(2020) and Halonen et al. (2016), respectively. Subsequently, the
kinematics of all ACL reconstructed cases were compared with
the ACL intact and raptured cases.

Material Modeling and Properties of
Grafts
Additionally to the demanding geometrical representation of
the knee structures, suitable material models that describe
with accuracy the mechanical behavior of each tissue have to
be determined. Moreover, proper material properties have to
be assigned. When selecting such material models, important
structural aspects of the tissue and microstructural arrangements
of its constituents are usually considered. The main distinction
between the modeling of healthy knee joint FE models and
those which focus on ACLR is principally the use of a graft
instead of the native ACL. This implies that one should use the
material properties of a specific graft instead of the properties of
the native ACL. Furthermore, the graft passes through specific
tunnels constructed in the tibia and femur according to each
surgery methodology.

In this study, we focus on ACLR. Thus, a brief presentation
of the material models and properties used in the literature to
describe the mechanical behavior of the most utilized grafts is
provided below. A discussion of their structural and functional
characteristics is presented, since it is the structure that is going
to determine the realistic material properties. For a detailed
description of the material models used for the rest components
of the knee joint including menisci, cartilages, and bones, the
reader can refer to review studies such as Kazemi et al. (2013).

In summary, in the majority of the numerical studies, bones
were considered to be rigid bodies, as a result of their large
values of density and Young’s modulus compared to soft tissues.
Nevertheless, if stresses on bones due to fixation devices or grafts
were to be calculated, the bone was simulated as linear elastic
and was usually divided into cortical and cancellous parts for
more realistic representation. In fact, the hard exterior layer of
bones constitutes the cortical bone that is much denser than
the cancellous bone (also known as spongy or trabecular bone).
According to the present literature survey, the Young’s modulus
(E) and Poisson’s ratio (v) of cortical bone were usually around
13.4 GPa and 0.24, respectively, with (Wan et al., 2017) using
higher values for them, namely E = 16.2 GPa and v = 0.36.
Regarding the cancellous bone, E ranged between 283 and
389 MPa and v was approximately 0.3. Less frequently, also
subchondral bones were used (Au et al., 2005; Yao et al., 2012)
with E = 1.15 GPa and v = 0.25. In three studies (Peña et al.,
2005, 2006; Huang et al., 2012), bone plugs were also utilized and
modeled as linear elastic materials with E = 14.22 GPa and v = 0.3.

Additionally, modeling menisci and cartilages as poroelastic
materials, i.e., consisting of an interstitial fluid phase and a solid
matrix, seems to be the most reasonable approach, however, a
time consuming one. Therefore, usually linear elastic models are
used instead of poroelastic models. Concerning the linear elastic

representation of cartilages, E was usually 5 or 15 MPa and v
around 0.45. Correspondingly, for menisci E was usually 59 MPa
and v equal to 0.49. When a linear elastic transversely isotropic
model was adopted, E was equal to 20 MPa in the axial and radial
directions and in the circumferential direction equal to 140 MPa.
Moreover, v was 0.2 in the plane of isotropy and the out-of-plane
v was equal to 0.3.

The material models used in the reviewed articles of this study
are summarized in Table 2 along with the type and number of
elements (when these were available). It should be mentioned
that 42% of the selected studies did not include menisci and
cartilages. In Table 2, also the type of investigated joint is
presented (i.e., tibiofemoral or/and patellofemoral) as well as the
number of the bundles that were taken into account (single-
bundle or/and double-bundle).

Finally, a more realistic representation of the knee’s anatomy
should include also the synovial fluid, muscles and tendons.
Nevertheless, the above components are usually excluded from
the FE models for the sake of simplicity. Especially, the inclusion
of the synovial fluid in FE models would require a special time-
consuming procedure to include fluid-structure interaction (FSI)
during the simulation that couples the laws of fluid dynamics and
structural mechanics (Hron and Mádlík, 2007).

Structure
Tendons are structurally very similar to ligaments and this
is the main reason why they are used as grafts in ACLR.
Like other biological soft tissues, ligaments, and tendons are
constructed from a ground substance matrix which is reinforced
with elastin and collagen, while water constitutes at about two-
thirds of the ligament weight (Weiss and Gardiner, 2001).
Due to the large content in water, the mechanical behavior
of these tissues is usually assumed to be incompressible.
Glycolipids, proteoglycans, fibroblasts, and water constitute the
matrix, namely the connective tissue that encloses collagen. In
particular, proteoglycans, which are the main components of
the connective tissue, have a crucial function. Some of them
are combined with hyaluronic acid to create molecules that
are hydrophilic. Subsequently, the hydrophilic molecules and
water make extracellular matrix in a gel-like form, which is
associated with the large amount of water in ligaments. The
interaction of ground matrix and collagen with water is in
charge of the observed behavior of time-dependent viscoelasticity
(Weiss and Gardiner, 2001).

Collagen molecules follow a structural hierarchy, with the
smaller elements packing together to form larger elements
which, in turn, are enclosed in even larger structures. The
schematic of this structural hierarchy, based on (Kastelic et al.,
1978) depiction, is illustrated in Figure 6. In brief, the largest
arrangement is the ligament or the tendon, which is divided into
smaller components, namely the fascicles. Fascicles enclose the
fibroblasts and fibrils. The fibroblasts are cells that take charge
of creating the extracellular matrix, while fibrils are assembled
together in parallel patterns of fibers. At this level, the crimp
(waviness) of the fibril is an instrumental parameter regarding the
biomechanics of the tissue. Its biomechanical role is associated
with the tissue loading state with increasing loading leading to
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FIGURE 6 | Schematic illustration of the structural hierarchy of tendons.

uncrimping, thus, allowing it to elongate without damage (Frank,
2004). In addition, a fibril is composed of several subfibrils and
microfibrils, which in turn, consist of polypeptide chains that
have been coiled together to create a tropocollagen molecule
(Weiss and Gardiner, 2001). Finally, elastin constitutes a very
small percentage of the dry weight of ligaments. Nonetheless, it
contributes to the elastic recoverability and the tensile resistance
of it (Minns et al., 1973).

Material Models and Properties
A key step in modeling ACLR is the selection of the suitable
material models and properties for the graft that is going to
replace the original ACL. ACL as well as the other ligaments,
such as PCL, MCL, and LCL, attaches the bones with each
other and provides stability to the knee joint. Various modeling
techniques, material models and properties have been adopted in
the literature to model knee ligaments (Galbusera et al., 2014).
According to the selected papers relevant to ACLR (summarized
in Table 1), the constitutive models and material properties for
the native ACL and grafts are concisely presented below.

The simplest approach to model the ligaments or grafts is via
spring elements. Indicative examples related to the ACLR are the
studies of Suggs et al. (2003), Wang et al. (2015). In particular,
in these works ACL/grafts were modeled with four nonlinear
tensile springs. The following force-strain relationship was used
to model their behavior:

f =


0, ε < 0

0.25kε2/εl, 0 ≤ ε ≤ 2εl
k (ε− εl) , ε > 2εl

(6)

Where ε =
(
l− l0

)
/l0, denotes the strain of the ligament, l

represents the deformed length and l0 the length at which the
tissue begins to bear the tensile load (Blankevoort and Huiskes,
1991). The constant k (the product of Young’s modulus with
the cross-sectional area) corresponds to the axial modulus of the
linear region of the force-strain relationship and 2εl is a critical
strain above which the behavior becomes linear. The values of the

axial moduli of the ACL and various grafts, which were used by
Suggs et al. (2003), along with the corresponding references are
summarized in Table 3. Yao et al. (2012) also incorporated the
same model for the ligaments, while in Halonen et al. (2016), the
gracilis/semitendinosus graft was modeled with nonlinear springs
having a stiffness of k = 715 N/mm.

The studies of Chizari and Wang (2009), Chizari et al. (2009),
Vairis et al. (2016), Completo et al. (2019) used a lineal elastic
model for both the native ACL and graft because of the small
time of articular loading during knee flexion. More specifically,
in Chizari and Wang (2009) and Vairis et al. (2016) the isotropic
Young’s modulus and Poisson ratio of the ACL and graft were set
according to Kutz (2003) and Reeves et al. (2009), respectively.
In Vairis et al. (2016) also a neo-Hookean hyperelastic model was
used. Furthermore, in Chizari et al. (2009), an isotropic Poisson’s
ratio was also assumed for both the bone and tendon, while
experimental tests were performed on animal tissues (bovine
flexor tendon and porcine tibia) for the purpose of finding
the Young’s moduli. Large linear parts were observed in both
stress-strain curves. However, Chizari et al. (2011) experimentally
determined the coefficients of the Mooney–Rivlin hyperelastic
model (only first order constants) for the tendon and tibia.
In order to consider also tendon viscoelasticity, the Rayleigh
damping model was adopted.

Three different grafts for the ACLR were investigated in
Wan et al. (2011) and a neo-Hookean hyperelastic model for
ligaments and grafts was used, assuming that the tissues behave
isotropically. In particular, the parametersC1 of the neo-Hookean
model for bone-patellar tendon-bone (BPTB) as well as double
and quadruple semitendinosus were equal to 58.23, 19.37, and
19.37 MPa, respectively. The average cross-sectional area of the
cylindrical shaped grafts was equal to 33.4 mm2 for the BPTB
graft, whereas the areas were 23.3 and 55 mm2 for the double
and quadruple semitendinosus grafts, respectively. The shear
modulus in the neo-Hookean model for BPTB as well as double
and quadruple semitendinosus was assigned as 116.46, 38.74, and
38.74 MPa, respectively.
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TABLE 3 | Axial modulus (kN) of the ACL and various grafts.

Tissue Hamner et al.,
1999

Frank Noyes
et al., 1984

Frank Noyes
et al., 1984

Cooper et al.,
1993

Woo et al.,
1997

Butler et al.,
1986

Suggs et al.,
2003

1ACL – 4.9 – – 6.5 13.3 10
2BPTB, 10 mm – – – 22.8 – 23.0 20
2BPTB, 14 mm – 18.4 31.0 27.8 – 32.2 30

Semitendinosus 6.4 5.0 15.1 – – –
3QST/G 23.3 – – – – –

1ACL, anterior cruciate ligament; 2BPTB, bone-patellar tendon-bone; 3QST/G, quadrupled semitendinosus and gracilis graft.

Tampere et al. (2019) modeled the isotropic ground substance
matrix using the neo-Hookean relationship

(
W = C1

(
Ī1 − 3

))
.

Subsequently, several springs were added which span the 3D
ligaments between their attachment points. An exponential
function of the displacement, x, was used for modeling the force
response of each spring:

f = α
[
eβ(x−x0) − 1

]
(7)

In the above relationship, x0 was introduced for the purpose
of defining a pre-stretch of either the ligament or the tendon.
The constant α is associated with the initial stiffness of the spring
and β influences its degree of nonlinearity. The following values,
namely α = 7.36, β = 4.35, and x0 = 0 mm, were used for the
above parameters based on fitting experimental data using the
least squares regression method. Finally, the parameter C1 (with
C1 = 2G) of the neo-Hookean model was set equal to 1.95 MPa
and D = 1/K = 0.00683 MPa−1, with G and K being the shear and
bulk modulus, respectively.

In Peña et al. (2005, 2006), Huang et al. (2012), Bae
et al. (2016), and Wan et al. (2017), grafts were considered
as fiber reinforced materials, while their constitutive behavior
was modeled as hyperelastic, transversely isotropic and near-
incompressible, following (Weiss et al., 1996), described by the
strain energy density function:

W =Wiso +Waniso +Wυ (8)

where Wiso = C1
(
Ī1 − 3

)
is associated with the mechanical

contribution of the ground matrix via a neo-Hookean model,
Waniso is related to the contribution of the collagen fibers
and Wυ =

1
D
[
ln (J)

]2 is the volumetric part which controls the
incompressibility of the tissue. In the above equations, Ī1 =
J−2/3I1, I1 = trC and C = FTF. C is the right Cauchy–Green
deformation tensor, J = detF, F denotes the deformation gradient
and C1 is a model parameter.

For the anisotropic part, the stress-stretch relationship in the
direction of the fibers, assuming that fibers support only tension,
is given by:

σf = λ
∂Waniso

∂λ


0, λ ≤ 1

C2
(
eC3(λ−1) − 1

)
, 1 < λ < λ∗

C4λ+ C5, λ ≥ λ∗
(9)

Where λ =
√
m0 · C ·m0 represents the axial stretch ratio

in the fiber direction, m0 corresponds to the unit vector along

the direction of fiber in the undeformed configuration, λ∗

denotes the stretch at which the behavior becomes linear and
C2, C3, C4, C5 stand for model parameters. Note that C4, C5
are defined so that σf is C0 and C1 is continuous at λ = λ∗.
The values of the parameters considered in the above studies
for the native ACL and the three grafts, namely the gracilis, the
quadrupled semitendinosus and the patellar tendon are depicted
in Table 4.

A non-linear hyperelastic law for the ligaments and patellar
tendon graft was used by Ramaniraka et al. (2007), which was
developed by Pioletti et al. (1998). More specifically, the strain
energy reads as follows:

W = a exp
[
b (I1 − 3)−

ab
2

(I2 − 1)

]
(10)

with a and b being material constants and I1, I2 strain
invariants. The mean values of the material constants were
derived from experimental measurements. In particular,
a = 0.3 MPa, b = 12.2 for ACL, while a = 0.09 MPa, b = 66.96
for the patellar tendon graft.

The HGO model was used by Westermann et al. (2013, 2017)
for the representation of the ligaments’ mechanical behavior of
the Gasser et al. (2005), which is considered a distribution of
the collagen fiber orientations in the tissue. The strain-energy
potential for this model has the following form:

U = C10 (I1 − 3)+ 1
D

[ (
Jel
)2
−1

2 − lnJel
]

+
k1

2k2

N∑
a=1

{
exp

[
k2
(
κ (I1 − 3)+ (1− 3κ)

(
I4(aa) − 1

))2
]
− 1

}
(11)

In the above relationship, the number of fiber families within
the tissue is represented by N, the symbols k1, k2, D, C10
correspond to material parameters and Jel represents the elastic
volume ratio. Also, I1 denotes the first strain invariant and I4(aa)
are the pseudo-invariants equal to the square of the stretch in the
preferred fiber orientation of each fiber family. The heterogeneity
of the distribution of the fiber directions is quantified by k, while
the dominant orientation of the fibers was presumed to be parallel
to the graft long axis.

Verification and Validation Assessment
A key point in FE analysis, as with all computational methods, is
the comprehension of the difference between three dissimilar but
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TABLE 4 | Material parameters for the ACL and grafts (MPa) according to Butler et al. (1990), Gardiner and Weiss (2003), Suggs et al. (2003), and Peña et al. (2005).

Tissue C1 C2 C3 C4 λ* D

1ACL 1.95 0.0139 116.22 535.039 1.046 0.00683

Patellar tendon 2.75 0.065 115.89 777.56 1.042 0.00484

Semitendinosus 2.75 0.065 115.89 512.73 1.042 0.00484

Gracilis 2.75 0.065 115.89 791.4 1.042 0.00484

1ACL: anterior cruciate ligament.

closely related words, namely “model,” “code,” and “simulation.”
In effect, one applies a model into a computer code. Afterward,
this code is utilized to carry out a simulation which can yield
values to be used in the biomechanical analysis. Reliability is
acquired by displaying acceptable uncertainty and error levels.
These levels are established via verification and validation
assessments, which, in plain words, are the areas of mathematics
and physics, respectively.

In particular, verification has to do with the procedure
that identifies whether the programming and the model’s
implementation are correct. It has two main branches, which
are code verification (solution algorithms and mathematical
model are correct) and calculation verification (accurate discrete
solution of mathematics). In FE analysis, some ordinary items to
be checked in the verification process are the geometry (Does
it agree with the real case?), mesh refinement (Is the mesh
adequately refined to give accuracy?), the material properties
and model (Are they realistic?), element properties (Are they
in line with shape distortion criteria? Do they fill the entire
geometry?), applied loads and contact between components (Are
they properly applied?) and outputs (Are they continuous across
elements and comparable with hand calculations?).

In contrast, validation assessment determines if the model
agrees with real world’s representation. It has also two
components, namely validation experiments (experiments closely
related to the validation of the numerical model at hand)
and accuracy assessment (appraising the comparison of the
computational and experimental results). Nevertheless, most
experiments are not usually carried out for validation purposes.
Furthermore, a usual validation approach is the comparison of
model’s results with a benchmark test or a similar validated FE
model for a relatively easy simulation.

To sum up, both assessments consist the backbone of a
proper quality assurance plan related to a FE analysis and are
usually referred to as “V&V” procedure (Guide for Verification
& Validation in Computational Solid Mechanics - ASME, 2020).
Consequently, V&V plan is of major importance, especially in
biomechanics, since it is the solid foundation of evaluating
the model and defining the criteria for the sake of approving
the models as appropriate for making credible predictions
associated with the planning, assessment and improvement of
clinical treatments.

As far as the present review is concerned, a lack of presentation
of mesh-refinement processes was observed in the majority of the
studies. Besides, as can be gleaned from Table 2, no presentation
of the number of elements of the FE model was noted at
approximately 70% of the studies.

The validation method, which was followed by each FE model
simulating ACLR, can be seen in the second column of Table 1.
In brief, the first, to our knowledge, relative presented FE model
was that of Suggs et al. (2003). This study utilized a previous
intact knee FE model (Li et al., 1999) that had been validated
against the experimental results of the internal-external moments
derived from a cadaver knee which was subject to internal-
external loading. The difference with Li et al. (1999) was the use of
a graft instead of the native ACL. The results of Suggs et al. (2003)
pertaining to tibial translation owing to a 134 N anterior tibial
load served as a benchmark study for Peña et al. (2005), Wan et al.
(2011), and Huang et al. (2012). Moreover, the same FE model
was used in Wang et al. (2015). Similar to Suggs et al. (2003)
and Halonen et al. (2016) modified their previous validated intact
knee model by replacing ACL with a graft.

Some authors carried out their own experiments (Chizari
et al., 2008, 2009) as a means to verify their computational
model by either utilizing cadaveric or animal specimens or used
existing experimental results (both in vivo and in vitro) (Au
et al., 2005; Peña et al., 2006; Kim et al., 2011; Yao et al., 2012;
Vairis et al., 2016; Bae and Cho, 2019; Completo et al., 2019;
Naghibi et al., 2020). Clinical studies were used for validation by
Ramaniraka et al. (2007), while both numerical and experimental
results were used by Westermann et al. (2013, 2017). The work
of Kim et al. (2011) was used as a validation case study by Bae
et al. (2016). Finally, three papers did not refer to any validation
assessment (Chizari et al., 2008; Abdullah et al., 2012; Kang and
Bae, 2017) presenting preliminary results or mentioned the use of
commercial FE analysis softwares.

SIMULATION OF DIFFERENT SURGERY
TECHNIQUES

Single- or Double-Bundle ACL
Reconstruction
Realistic simulation of ACLR requires adequate knowledge of the
steps followed during the surgical operation and biomechanical
function of the native ACL. ACL is typically divided into two
bundles, namely the anteromedial and posterolateral one. The
aforementioned terms have been selected due to their insertion
sites into the tibial plateau. The posterolateral bundle is tight
when the knee is extended, whereas the anteromedial one is
relaxed. Conversely, during knee flexion the anteromedial bundle
is tight, while the posterolateral one is relaxed (Girgis et al., 1975;
Fu et al., 1999; Zantop et al., 2006). In fact, during knee extension
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the anteromedial and posterolateral bundles are aligned to the
sagittal plane. During flexion, however, the two bundles form a
“twisting” pattern (Buoncristiani et al., 2006).

An ideal ACLR should closely mimic the above functionality
of the two bundles. In the double-bundle ACLR, the two bundles
act individually imitating the original ACL crossing pattern
(Amis and Dawkins, 1991). This cannot be achieved in the
case of the single-bundle surgery. As a consequence, the so-
called anatomic double-bundle ACLR seems to provide a better
biomechanical outcome and restore the knee kinematics to a
greater extent (Yasuda et al., 2011).

In comparative studies, such as Järvelä (2007), the double-
bundle ACLR appeared to provide a better rotational stability at
a 14-month follow-up evaluation. On the contrary, single-bundle
ACLR leads to significantly more graft failure, thus, resulting in
more ACL revision surgeries (Suomalainen et al., 2012; Järvelä
et al., 2017). The difference in graft failure rates can be attributed
to the difference in overall graft thickness between the two
methods. In the double-bundle treatment, the anteromedial graft
is usually selected to be about 7 mm and the posterolateral around
6 mm thick. Hence, a total diameter of 13 mm arises compared to
the single-bundle that is usually 7–8 mm (Järvelä et al., 2017).
On the whole, the double-bundle ACLR appears to be more
durable, even though there are not enough long-term follow-ups
(Järvelä et al., 2017). A schematic representation of the single- and
double-bundle ACLR is illustrated in Figures 7A,B, respectively.
For the sake of clarity, tissues and patella are not depicted.

Concerning the FE modeling, most of the studies attempted to
simulate the single-bundle technique (Chizari and Wang, 2009;

Suggs et al., 2003; Peña et al., 2005, 2006; Chizari et al., 2009,
2011; Wan et al., 2011, 2017; Westermann et al., 2013, 2017;
Wang et al., 2015; Bae et al., 2016; Vairis et al., 2016; Kang and
Bae, 2017; Bae and Cho, 2019; Tampere et al., 2019; Completo
et al., 2019). In particular, in Suggs et al. (2003), Wang et al.
(2015) a single nonlinear spring was used to capture the behavior
of the ACL and the grafts. Consequently, they were not able
to examine the stress distribution within the graft/ACL. The
utilization of 3D geometries for the grafts enabled to investigate
the aforementioned stress distributions. In Chizari and Wang
(2009), also the stresses were calculated at the tibial cortical bone
within the tibial tunnel by accounting only for the tensile load of
the tendon graft.

Unlike the previously mentioned publications, Kim et al.
(2011) simulated the double-bundle ACLR at four flexion angles,
namely 0, 45, 90, and 135◦ with the intention of calculating
the alteration of the length and tension. The two bundles were
inserted into the tunnels under 20 N of initial tension before the
fixation. The length of the anteromedial bundle at knee flexion
was found to be gradually reduced between 45 and 90◦ and then
retain a constant value. On the other hand, the length of the
posterolateral bundle declined at 45 and 90◦ and then gradually
increased at 135◦. As far as the reaction force of the two bundles
is concerned, that of the anteromedial bundle decreased at 45◦,
but then it was invariable until full knee flexion. On the contrary,
the reaction force of the posterolateral bundle reduced at 45 and
90◦ and then increased at full flexion.

Finally, four investigations provide a comparison between
the single-bundle and double-bundle ACLR, which are the

FIGURE 7 | Schematic representation of: (A) single-bundle and (B) double-bundle ACL reconstruction (only grafts and bones are depicted for the sake of clarity).
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studies of Ramaniraka et al. (2007), Yao et al. (2012), Halonen
et al. (2016), and Naghibi et al. (2020). In Ramaniraka et al.
(2007), the extra-articular and combined intra- and extra-
articular procedures were evaluated with respect to ACLR.
The single-bundle intra-articular method aims at substituting
the anteromedial bundle, whereas the double-bundle intra-
articular technique at substituting both the anteromedial and
posterolateral bundles. In contrast, extra-articular procedure
utilizes a fascia lata band, distally based on Gerdy’s tubercle,
which is slipped under LCL and then threaded closenessly
through the femoral tunnel. It was inferred that combined
methods can restore the knee stability and its function in most
of the ACL deficient knees (Bak et al., 2001). In Ramaniraka
et al. (2007), FE models were developed of a healthy knee,
intra-articular reconstruction via single- and double-bundle,
extra-articular ACLR alone and extra-articular in combination
with intra-articular reconstructions. The internal rotation along
with the stresses within the ACL and the patellar tendon graft
were estimated, which are induced owing to a 2 Nm internal
torque. The intra-articular ACLR for single- and double-bundles
proved to cause comparable internal rotation and function
as the healthy knee joint. Nevertheless, extra-articular ACLR
was observed to decrease noticeably the internal rotation and
alter the stress distribution in the soft tissues in comparison
to the intact ACL.

The study of Yao et al. (2012) demonstrated that the
tunneling can induce stress in the articular surfaces. In the
case of double tunneling, further deterioration in the stress
concentration between the anteromedial and posterolateral
tunnels has been observed. Clinically, it is very common for
tunnel communication to take place after the surgery, which can
be attributed to the high stresses between the anteromedial and
posterolateral tunnels (Yao et al., 2012). Generally, bone tunnel
enlargement can lead to undesired knee laxity.

In Naghibi et al. (2020), tibial and femoral insertion sites of the
graft and its fixation tension were investigated to get similar laxity
to intact knee regarding three single-bundle and one double-
bundle ACLR. A full gait cycle was used with the native, ACL-
ruptured, non-optimal ACL-reconstructed as well as optimal
reconstructed knee joints. The results of single-bundle ACLR
revealed that for hamstring and patellar tendon grafts anatomical
sites (with a fixation force of 40 N) could recover the kinematics
and kinetics of the healthy knee. The same can be achieved
also with quadriceps tendon with isometric positioning (fixation
tension of 85 N). Regarding the double-bundle ACLR, both
bundles required a 50 N fixation force at the optimal insertion
positions. In a nutshell, all the surgical techniques (i.e., single-
and double-bundle ACLR) and graft types can be applied to
recover the biomechanical behavior of intact knee. Additionally,
Halonen et al. (2016) found that both the single- and double-
bundle ACLR can restore the rotational and translational knee
motions. However, they observed to increase the strains and
stresses on the cartilage.

Interestingly, also additional ACLR techniques were studied,
apart from single- and double-bundle, namely double-tibial
single-femoral and single-tibial double-femoral tunnel
reconstruction. Overall, the double-bundle ACLR proved to

be the most advantageous in terms of restoring rotational
stability as well as stresses within the grafts and other soft tissues.

Graft Options
The graft should imitate the anatomy of the real ACL and yield
similar biomechanical properties. The optimal graft selection is a
combination of surgeon’s experience, graft’s availability, patient’s
preference, age, gender, contaminant operations, and activity
level (Kim et al., 2013; Vaishya et al., 2015). The grafts can
be either biological or synthetic. The former constitute a more
popular choice, because they permit easy incorporation into the
joint and graft remodeling (Fu et al., 1999). Biological grafts are
subdivided into autografts and allografts, which is the standard
subdivision based on whether the tissue is obtained from the
patient or from a donor. In contrast, synthetic grafts are artificial
materials which mimic the behavior of native ACL.

The autografts can be extracted from the BPTB, the four-
strand hamstring tendon (semitendinosus and gracilis tendons)
and more rarely from the quadriceps tendons (Kim et al., 2013).
The BPTB option exhibits high tensile load, high stiffness, better
healing owing to bone-to-bone fixation (Fu et al., 1999) and
a return to high-level sports activity (Vaishya et al., 2015).
Nevertheless, it is related to donor site morbidity. The hamstring
tendon, on the other hand, is a reliable graft regarding patients
exhibiting low pain tolerance and jobs that include kneeling,
while less donor site morbidity has been observed (Dhammi et al.,
2015). In addition, the graft harvesting needs a relatively small
incision, thus, assuring better cosmetic result. The hamstring
tendon, however, is characterized by slower healing process and
high incidence of tunnel widening (Kim et al., 2013). Finally,
quadriceps tendon harvesting does not violate the fat pad and
patellar tendon, thus, preventing the patella baja risk (Beasley
et al., 2005). Nevertheless, the long-term data for this graft are
scant and it is not recommended for primary ACLR.

As an alternative, for the purpose of eliminating the morbidity
that is related to autografts, allografts are gaining popularity
(Beasley et al., 2005). According to clinical and animal data,
the tissues of allografts revascularize and turn out to be viable
after implantation just like autografts (Arnoczky et al., 1986).
The allogenic grafts, which are frequently used are the BPTB,
hamstring tendon, Achilles as well as anterior and posterior
tibialis tendons (Fu et al., 1999; Beasley et al., 2005; Carey et al.,
2009; Duquin et al., 2009; Vaishya et al., 2015). Allografts reduce
the surgical time and patient’s pain while, at the same time, offer
the optimal esthetic outcome by virtue of no incision for graft
harvesting. The high risk for disease transmission, the slow graft
incorporation, the poor graft strength because of sterilization
and increased cost are the main drawbacks (Fu et al., 1999; Kim
et al., 2013). Several studies have paid special attention to the
comparison of outcomes between autografts and allografts, such
as Kustos et al. (2004) and Marrale et al. (2007). As a general
remark, all the aforementioned investigations observed no
statistically considerable differences in patients’ pain, pivot shift,
Lachman testing, and range of motion. Hence, allografts could be
a reliable alternative, provided that preservation and sterilization
methods do not weaken the tissue and careful screening for viral
diseases is accomplished. In a recent cost-effectiveness analysis
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(Mistry et al., 2019), it was concluded that the cost is the key
factor, making autografts the primary preference nowadays. In
addition, under certain circumstances, mainly in cases of revision
of ACLR, allogenic grafts may be the only option.

The initial enthusiasm for artificial grafts in the 1980s faded
away as a consequence of the substantial disadvantages. These
drawbacks include the high cost, possible graft fragmentation,
cross-infections, and debris dispersion that may result in frequent
instability, chronic effusions, synovitis, and osteoarthritis, as
highlighted in the review studies of Legnani et al. (2010) and
Vaishya et al. (2015). Recently, a resurgence of the enthusiasm
has been observed in the investigation of synthetic substitutes
such as polypropylene, polyester, Dacron, and carbon fibers. In
summary, in spite of many experimental studies being conducted,
all materials that have been explored have serious shortcomings.
The ideal synthetic graft needs to be biocompatible, have
chemical stability and pores for the ingrowth of fibroblasts
along with optimal mechanical properties close to the native
ACL (Legnani et al., 2010). The reduction of surgery time,
the absence of the possibility for donor morbidity and disease
transmission may overcome synthetic graft disadvantages and
be routinely used in the future, principally in revision surgeries
(Cerulli et al., 2013).

In chronological order, Suggs et al. (2003) incorporated a
single-bundle reconstruction comparing three graft choices. The
first graft had the same axial modulus as the intact ACL, while
the second and the third ones were BPTB grafts of 10 and
14 mm. The material properties of the above mentioned grafts
are provided in Table 3. As emphasized in Suggs et al. (2003),
the graft axial modulus has a significant influence on the knee
kinematics. In particular, when initial tension was used, the
first graft under-constrained the knee, the second resulted in
slight over-constrain and the third in over-constrain comparing
to the intact knee. Also, the grafts were inserted at the mid-
length of the tunnels and, consequently, the length of the graft
is approximately two times larger comparing to that of the
intact ACL. Using the same graft modeling and properties for
the case of BPTB (10 mm in diameter), Wang et al. (2015)
simulated the anatomic and transtibial single-bundle ACLR
with two graft fixation angles under intact, ACL deficient and
reconstructed context subject to anterior and quadriceps loads
equal to 134 and 400 N, respectively, at flexion angles equal
to 0, 30, 60, and 90◦. With the graft being fixed at 0◦, the
scenario of the anatomic ACLR led to somewhat higher lateral
contact forces at 0◦ of flexion when compared with the intact
knee joint. Regarding the transtibial technique, it resulted in
larger contact forces at both 0 and 30◦ when the same muscle
load was implemented. For the case of the graft fixed at 30◦,
the anatomic ACLR was observed to overstrain the knee at
0◦ causing larger contact forces, whereas with the transtibial
technique being adopted, marginally larger contact forces were
noted at 30◦.

Three different grafts were compared in Peña et al. (2005),
namely the patellar tendon, the gracilis, and the quadrupled
semitendinosus in order to investigate the outcome of the graft
stiffness on the anterior tibial translation. A comparison was
made under the same initial graft tension (40 N) and anterior

tibial load (134 N). In short, the anterior tibial translation
having a semitendinosus graft led to the highest translation,
namely 10.48 mm. No significant dissimilarities between the
patellar and gracilis tendon grafts were observed (9.93 and
9.91 mm translation, respectively). Furthermore, the posterior
graft femoral insertion displayed the maximal principal stresses,
while at full extension, because of the lower stiffness concerning
the semitendinosus graft, the lower stress (5.21 MPa) was
mentioned. The maximum principal stress was equal to 6.4
and 6.8 MPa for the patellar tendon graft and the gracilis
tendon graft, respectively. In Peña et al. (2006), a single graft
was used, namely a BPTB, with the same graft pretension
and anterior tibial load as Peña et al. (2005), in order to
study the influence of the angle in the coronal plane of the
tunnels of tibia and femur. Firstly, the tension of the graft
was estimated for a 0–60◦ knee flexion, while the resulting
kinematics with a 134 N anterior load was compared with
the case of healthy knee. The results revealed that tibial and
femoral tunnels with 60◦ demonstrate the closest results to
the native ACL concerning the anterior tibial translation. In
this cases, a smaller graft tension was observed. The findings
also indicated considerable increases of the stresses on the
menisci after ACLR.

Conversely, the study of Ramaniraka et al. (2007) focused on
the influence of various ACLR techniques, as it was detailed in the
previous subsection, under an internal torque of the tibia equal
to 2 Nm at 0, 15, 30, and 45◦ of flexion. The only graft which was
utilized was that of patellar tendon and, thus, no parametric study
was conducted to quantify the effect of different graft selection on
the ACLR. In the same manner, (Peña et al., 2006; Chizari and
Wang, 2009; Kim et al., 2011) used a single graft option.

In the study of Wan et al. (2011), a comparative investigation
was conducted to evaluate the effect of three different grafts on
the knee joint biomechanics. The utilized grafts were the BPTB,
the double as well as the quadruple semitendinosus. A FE model
of the knee joint was developed, which encompasses the 3D
geometries of menisci, cartilages and the three ligaments, namely
MCL, LCL, and ACL/graft. A 134 N force was applied to femur
in the posterior direction with the femur being constrained at
0◦ of flexion. PCL was not included in the numerical model,
because of its slack during femur’s posterior translation. Overall,
the quadruple semitendinosus graft better restored the knee
kinematics as compared to the other grafts. Nevertheless, none of
these grafts can potentially restore the ACL function completely.
In particular, regarding the case of quadruple semitendinosus, the
Mises stresses located in the tibial attachment of MCL were larger
than the case of intact ACL. In addition, higher stresses emerge in
the posterior area of both lateral and medial menisci. The authors
concluded that the higher bearing of the tissues may result in
possible damage of MCL and menisci, although this behavior has
not been demonstrated in clinical results.

In Naghibi et al. (2020), three grafts were used for single-
bundle ACLR, namely BPTB, quadriceps and hamstring tendons,
while for the double-bundle model the hamstring tendon was
implemented. Their results suggest that all graft types can be
used to recover the intact ACL biomechanical behavior. However,
regarding the single reconstructive cases, if the placement
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parameters are not optimized, anatomical sites can lead to better
knee laxity restoration.

Graft Fixation
The fixation of the graft is considered to be vital regarding the
long-term outcome of ACLR. The ideal fixation device should
provide secure graft fixation, thus, allowing healing within the
tunnel and permitting range of motion and weight-bearing
exercises (Vaishya et al., 2015). Furthermore, assuring of early
return to sports activities without any fixation strength loss turns
out to be of major importance (Kim et al., 2013). The strength
of fixation is affected by several factors, among which are the
bone density and the screw’s geometry and material (Weiler et al.,
2000). The fixation devices are generally divided into those used
for bone plugs and soft tissues.

On the one hand, bone plugs are commonly fixed with
metal and bio-interference screws. The latter have recently
become popular and provide similar outcomes with metal screws.
Bioabsorbable screws offer no requirement for implant removal,
incorporation within the tissue and reduced interference with
MR imaging (Kim et al., 2013). Furthermore, cross biodegradable
and metal pins are implemented for bone plug fixation.
According to Harilainen et al. (2005), interference screws with
bone plugs and cross pins exhibit comparable fixation strength.

On the other hand, Retroscrews and interference screws are
also used for soft tissue fixation. Moreover, Endobutton has been
used for hamstring graft fixation (Beasley et al., 2005). It has
less stiffness and a higher load failure than interference screws,
while it is adequate for both single- and double-bundle ACLR
(Kim et al., 2013). However, Endobutton is responsible for graft
motion within the tunnel, thus, potentially causing a widening
of the tunnel (Stener et al., 2010). In conclusion, in spite of
the disadvantages of the graft fixation devices, the majority of
contemporary devices are strong enough to fix the graft in place
(Beasley et al., 2005; Vaishya et al., 2015). Hence, the choice of the
ideal device should depend on the graft type, experience of the
surgeon as well as the patient’s condition.

For the purpose of investigating the stresses at the bone
structures via FE analysis, a rigid representation is inappropriate.
Instead, the bone is typically partitioned based on anatomical
details. Linear elastic models have been used to calculate the
stresses and strains at the bones. Cortical bone damage may
be observed because of the repetitive compression from the
button and possible fracture located at the site of the button
fixation (Turner et al., 2001). Au et al. (2005) developed a FE
model as a means to examine the cortical stresses on the femur
owing to the button-type fixation regarding two age groups. The
femur was divided into the cortical, cancellous, and subchondral
parts, while linear elastic models were incorporated to describe
their mechanical behavior. In addition, two coaxial tunnels were
constructed within the bone so as to represent the procedure in
the surgery of ACLR. Four points were used for the contact on
the button with the cortex and a force of 200 N was applied
to the button, which was directed along the axis of the tunnel
(estimation for the graft tension during gait at full extension
(Harrington, 1976). The simulations demonstrated that cortical
stresses, originated from the button fixation, could be high

enough (up to 100 MPa at the tunnel aperture) during normal
gait and not significantly different for the two age groups, namely
45 and 65 years old.

Chizari et al. (2008) examined both experimentally and
numerically the tibial fixation of the screw. This type of fixation
is regarded as more problematic comparing to the femoral one,
since the forces on the graft are directly parallel with the tunnel
(Brand et al., 2000). The bone was divided into two parts, namely
the cortical and the cancellous parts. Both components were
described as linear elastic materials, while their properties were
determined using experimental data and empirical relationships.
Furthermore, the Poisson’s ratio was assumed to be isotropic.
Apart from a porcine bone, the experimental and numerical
studies included a bovine tendon graft and an interface screw.
An elastic model was used for the screw that is in contact with
the wall of the tibia. The graft was also modeled as an elastic
material and the length and diameter of the tibial tunnel were 30
and 9 mm, respectively, with the tunnels drilled at sites defined
by Fu et al. (2000). Various stages for fixation were tested in
order to evaluate the stresses of the interface screw and the bone.
Similar to Au et al. (2005), a 200 N load was applied to the screw
along with a rotational movement. The results indicated that the
stresses in the tunnel wall were between 10 and 20 MPa. The
highest values took place between the sharp screw threads and
the tunnel wall, whereas the lowest ones in the tunnel distal end.
The main discrepancy between the study of Chizari et al. (2008)
and the clinical case is the use of tibia and graft originated from
animals. Finally, unlike (Au et al., 2005), this investigation did not
consider the impact of age.

Chizari and Wang (2009) derived some preliminary results by
applying a pure tensile load on the graft, similar to all FE studies
presented in this subsection. The fixation device, namely the bio-
absorbable screw, was not included in the numerical model since
it was supposed to have been absorbed into the bone. A maximal
stress of 0.199 MPa was estimated on the tendon graft at the
fixation zone in the tibial tunnel. Finally, the stresses were lower
on the cortical bone as compared to those of the cancellous
bone. In Chizari et al. (2011), the graft was connected with
the tibial tunnel by using a 0.25 friction coefficient representing
the interference screw fixation. For a 400 N load in the single-
cycle loading scenario, a maximum stress, namely 18.8 MPa, was
calculated on the graft at the proximal tunnel end. Regarding the
cyclic loading results, the maximum stress at the proximal graft
end (following the 1,000 cycle of loading of 400 N), with a 1 Hz
frequency was 10.7 MPa.

Finally, Abdullah et al. (2012) investigated the influence of
various screw materials in ACLR. The materials that were selected
to represent the interference screws were both bio-absorbable
materials and metallic biomaterials. The former included poly-
lactic acid, poly-lactic co-glycolic acid, and poly-caprolactone,
while the latter involved stainless steel and titanium alloy. In a
similar manner to the two above studies, a tensile force of 200 N
was applied as a first approach to simulate the tension on the
graft at full extension throughout gait. The upper surface of the
femur and lower one of the tibia were fixed in all directions, as
illustrated in Figure 5B. The FE simulations demonstrated that at
the distal part of the femur, the highest stresses at the interference
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screw appeared for stainless steel and the lowest for the poly-lactic
acid material. The highest stresses of the other bio-absorbable
materials were also lower in comparison to the metallic materials,
while titanium alloy screws exhibited lower values than those of
stainless steel.

Comparable trends also appeared concerning the screw
fixation of the proximal tibia. The highest values developed
again in the case of stainless steel, followed by titanium alloy.
For the bio-absorbable materials, the highest values (lower than
the metallic ones) emerged for poly-lactic acid, followed by
poly-lactic co-glycolic acid and poly-caprolactone. Additionally,
displacement in reference to the fixation of the interference
screw was utilized in order to predict the primary ACLR
stability. Briefly, the bio-absorbable screws demonstrated lower
displacements comparing to metallic biomaterials. Thus, primary
fixation stability was accomplished, which ultimately provided
more reliable fixation of the graft. In particular, at both distal
femur and proximal tibia regions screws made of poly-lactic co-
glycolic acid exhibited the largest displacement and the stainless-
steel screws the lowest. In a nutshell, stiffer screws experienced
higher stresses, while the maximum displacements presented for
the cases of less stiff materials. Nevertheless, the highest values
were less than 6·10−2 mm, which were considered to be small.

Graft Pretension
The role of the initial graft tension seems to be a controversial
issue, since there is no consensus about the optimal tension.
A relatively small value of graft pretension will potentially
lead to continued instability, whereas a very high value is
going to restrain the locomotion of the knee joint, accelerate
osteoarthritis and put the graft survivability at risk (Fu et al.,
1999; Beasley et al., 2005). In fact, the behavior of the graft, as
the tension increases, relies strongly on the fixation device and
the mechanical characteristics of the graft (Beasley et al., 2005).

A number of researchers have proposed a 44 N initial
graft tension. However, this value has not been scientifically
ascertained (Fu et al., 1999). In their clinical study, Yasuda
et al. (1997) applied a 20, 40, and 80 N of initial tension
on the hamstring tendon graft. The corresponding anterior-
posterior translations were 2.1, 1.4, and 0.6 mm, respectively.
It was concluded that the group with the 80 N initial tension
demonstrated considerably less anterior laxity compared to
the group of 20 N. On the contrary, in van Kampen et al.
(1998) no considerable dissimilarities were observed concerning
postoperative stability in response to different values of initial
tension on the BPTB grafts. Hence, additional investigations are
required for the purpose of comprehending the significance of the
initial graft tension.

An indicative FE study, which was also the first one that
examine the effect of initial tension of the graft, is that of
Suggs et al. (2003). Since the content of this study has already
been analyzed above, here only the impact of initial tension is
presented. The femur was fixed, while the tibia was permitted
to have free movement apart from the direction of flexion.
A 134 N anterior force was applied to the tibia for flexion
angles (0–90◦) simulating the cases of a deficient ACL, an intact
ACL and three grafts. As a characteristic example, out of the

FIGURE 8 | Anterior tibial translation of a deficient (no ACL) and intact ACL
knee as well as via incorporating a BPTB graft with 0 and 40 N initial tension.
The data for the plots were derived from the study of Suggs et al. (2003).

three grafts only the third one is considered here, namely the
BPTB graft, with an axial modulus of 30 kN as well as the
resulting anterior tibial translation based on (Suggs et al., 2003)
findings. The numerical results demonstrated that ACLR has
been effective, as the anterior tibial translation was restored
close to its normal, thus, contributing to knee stability. As can
be gleaned from Figure 8, the resulting knee kinematics for
the case of zero initial graft tension restored the corresponding
values of the intact ACL. However, the slightly over-constrained
behavior of 0 N case study became more intense when a 40 N
initial tension was applied. As pointed out by Suggs et al.
(2003), this over-constraint of the knee can be a result of a
combination of high graft stiffness and initial tension leading to a
tight ACL substitute.

Peña et al. (2005) also examined the effect of the initial graft
tension on the knee. Similar to the FE analysis of Suggs et al.
(2003), an anterior tibial load equal to 134 N was applied, while
the resulting anterior translation of the tibia was estimated.
The values for the initial tension were 0, 20, 40, and 60 N
with the flexion angle of the knee being equal to 0, 30, and
60◦. In addition, a BPTB was selected for this comparative
study. It should be stressed that, in contrast to Suggs et al.
(2003), a 3D graft representation was utilized by incorporating a
hyperelastic transversely isotropic material model which enabled
the investigation of the stresses within the soft tissue. They
concluded that the knee with no graft pretension could not
reconstruct the healthy knee joint kinematics. This contradiction
against the results of Suggs et al. (2003) was attributed to the
simplification of using springs in Suggs et al. (2003) instead of
3D elements for the graft representation. Overall, Peña et al.
(2005) found that the implementation of initial tension is very
crucial for the ACLR success. The closest to the intact knee
results were those of 60 N. Nevertheless, significant stresses were
observed in postoperative healing and revascularization that can
potentially cause problems. The optimum scenario was that of
40 N pretension, which is very close to the value of 44 N suggested
by clinical studies mentioned above.
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TABLE 5 | FE studies which have applied an initial graft tension for ACLR.

Study Suggs et al.,
2003

Peña et al.,
2005

Bae and Cho,
2019

Chizari et al.,
2011

Kim et al.,
2011;

Westermann
et al., 2013

Peña et al.,
2006

Bae et al.,
2016

Tampere
et al., 2019

Pretension (N) 0, 40 0, 20, 40, 60 0, 10, 20, 30 5 20 40 44 50

In Bae and Cho (2019), the stress and strain on the graft were
calculated via different combinations of possible tunnel positions
and four pretension forces, namely 0, 10, 20, and 30 N. The
stresses were more influenced by tunnel location than pretension
in most of the combinations. Thus, the optimal tunnel regions
were considered. Regarding the effect of graft pretension, no
effect was observed at 5 mm sites in the posterior, anterior as
well as posterior proximal sites. The worst tunnel positions in
femur were proved to be the proximal and anterior sites. As a
consequence, it was suggested that clinicians avoid putting the
tunnel start point of the femur at the proximal and anterior
locations as far as possible.

Naghibi et al. (2020) calculated different fixation forces for
each graft in order to restore the intact ACL kinematics.
In particular, the quadriceps tendon demonstrated the higher
fixation force, which was around 80 N, while the hamstring and
patellar tendon grafts required around 40 N. Finally, the studies
of Peña et al. (2006), Chizari et al. (2011), Kim et al. (2011),
Westermann et al. (2013), Bae et al. (2016), and Tampere et al.
(2019) included a single value for the pretension of the graft
without investigating the effect of different values. Overall, the
pretension values that have been tested in the literature regarding
the FE studies are those presented in Table 5.

CONCLUSION

In this study, a review was presented regarding the FE
modeling and simulation of the ACLR, a surgery technique
which aims at restoring knee kinematics. Fundamentals of
ACLR and ACL structure were presented along with a
brief description on mesh generation and modeling of the
knee joint geometry. Emphasis was given to the material
modeling and properties of the most popular grafts for
replacing the native ACL. The selected publications were
analyzed within different subsections for the purpose of
demonstrating the effect of each factor individually and
summarizing the current clinical advancements. To this end,
the evaluation via FE analysis of different surgery techniques,
namely the use of single or double bundles, initial graft
tensioning as well as various kinds of grafts and fixation
devices, was presented.

In brief, out of the 26 reviewed papers, only 15.4% of
them encompassed the patellofemoral joint, while a 23.1%
simulated the double-bundle ACLR. Additionally, the inclusion
of graft pretension concerned the 34.6% of the studies, whereas
almost half of them (46.2%) did not include neither cartilages
nor menisci. Regarding the material modeling, most of the

selected papers used a linear elastic representation of the above
soft tissues. Furthermore, bones were considered to be rigid
bodies (65.4%), owing to their high Young’s modulus and
density as compared with soft tissues, as well as either linear
elastic (30.8%) or hyperelastic (3.8%). In 11.5% of the studies
also linear elastic bone plugs were taken into account. The
ligaments and grafts were commonly represented as hyperelastic
(46.15%), linear elastic (23.1%), and nonlinear tensile springs
(19.2%) materials, while some models considered grafts and
ligaments as fiber reinforced materials with a hyperelastic ground
matrix (19.2%).

Concerning the loading and boundary conditions, there
are mainly two approaches that depend on whether the
analysis focuses on evaluating the stress distribution due
to different fixation device or evaluating the knee joint
kinematics after ACLR. Publications related to the former
applied a tensile force as a means to capture the graft
tension at full extension during gait (Harrington, 1976).
For the latter, researchers implemented an anterior tibial
load or an internal torque at the tibia for comparing
the resulting knee kinematics with those of intact
or deficient ACL.

It is concluded that more comparative studies are required
for the assessment of the number of bundles (one or two)
needed for the optimal kinematic result. Thus far, it seems
that double-bundle ACLR contributes to better rotational
stability. However, no consensus exists on the graft fixation,
graft selection and optimal initial graft tension. A very high
tension seems to restrain the knee joint motion, while smaller
values may lead to instability. For the graft description,
spring elements and different material models have been
explored, including linear elastic and hyperelastic models
(such as neo-Hookean) as well as transversely isotropic
models in order to account for the tissue’s reinforcement
due to the aligned collagen fibers. Overall, the optimal result
should demonstrate similar translation and rotation with the
healthy knee joint.

In order to obtain realistic numerical estimates when
simulating ACLR, several important aspects should
be considered:

• Accurate geometrical representation of the main structural
elements of the knee joint, i.e., bones, cartilages, menisci,
ligaments, and grafts.
• Proper choice of material models in order to describe

accurately the mechanical behavior of the knee tissues.
• The application of realistic loading and

boundary conditions.
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• Realistic step-by-step simulation of the surgical procedure
according to the clinical practice.

The incorporation of the associated muscles in a FE model
of the knee joint and the application of accurate muscle forces
is an improvement toward a more realistic modeling approach
(Ali et al., 2016). This is, however, a challenging task, especially
if the 3D representation of the muscle tissues is required and
their contractile behavior has to be described (Spyrou and
Aravas, 2012). Further advancements in FE knee joint modeling
should also be related to the multiscale material modeling of
the tissues. This will contribute to the investigation of the
biomechanical behavior from the level of the joint to the
level of a tissue cell, following modeling frameworks recently
proposed for example regarding cartilage and muscle tissue
(Spyrou et al., 2019; Tanska et al., 2020). Finally, bearing in
mind the current advances in FSI numerical modeling, the
role of the synovial fluid in the mechanical response of the
knee joint can be investigated following an FSI modeling
approach (Hron and Mádlík, 2007). A key advantage of FSI
modeling is that one solution procedure can be implemented
to simulate both structural, fluid and FSI simultaneously
(Dale and Holdø, 2004).

In a nutshell, more effort should be put on FE studies,
given the relevant progress in both FE modeling and ACLR.
Numerical simulations, based on FE, can make predictions
about the developed stresses in biological tissues and evaluate
what-if scenarios in silico, without clinical intervention. As
a consequence, accurate numerical modeling along with
interdisciplinary cooperation could arguably constitute a valuable
tool in the amelioration of the ACLR surgeries. It is expected that
this review study will contribute to more systematic research
regarding the numerical evaluation of ACLR, which may result
in the improving of the existing surgical techniques.

STUDY LIMITATIONS AND STRENGTHS

The main limitation of this investigation is the relatively small
number of the publications that were taken into account. This is
attributed mainly to the intrinsic difficulty and complexity of the
surgery itself and the various factors involving in it, which require
a strong theoretical background on both clinical and FE field.

The major strength and innovation of the present
comprehensive review, however, is that provides the current
progress regarding the different surgery techniques in both FE
and clinical level for the first time, at least to authors’ knowledge.
Consequently, it presents a complete guide to anyone who wants
to deal numerically with this complex problem and evaluate
hypotheses in silico related to the planning, assessment and
improvement of ACLR.

AUTHOR CONTRIBUTIONS

LB, DT, and LS contributed to the conception and design of the
study. LB and DS wrote the first draft of the manuscript. DT,
KM, and LS supervised the manuscript. All authors contributed
to manuscript revision and approved the submitted version.

FUNDING

This work was supported by the European Regional
Development Fund of the European Union and Greek national
funds through the Operational Program Competitiveness,
Entrepreneurship and Innovation, under the call RESEARCH –
CREATE – INNOVATE (project code: T1EDK-04234, Project
Acronym: SafeACL).

REFERENCES
Abdullah, A. H., Rashid, H., Mahmud, J., Othman, M. F., and Ibrahim, M. W. A. J.

(2012). Effects of screw materials in Anterior Cruciate Ligament reconstruction
using finite element analysis. Proc. Eng. 41, 1614–1619. doi: 10.1016/j.proeng.
2012.07.358

Ali, A. A., Shalhoub, S. S., Cyr, A. J., Fitzpatrick, C. K., Maletsky, L. P., Rullkoetter,
P. J., et al. (2016). Validation of predicted patellofemoral mechanics in a finite
element model of the healthy and cruciate-deficient knee. J. Biomech. 49,
302–309. doi: 10.1016/j.jbiomech.2015.12.020

Amis, A. A., and Dawkins, G. P. C. (1991). Functional anatomy of the anterior
cruciate ligament. Fibre bundle actions related to ligament replacements and
injuries. J. Bone Jt. Surg. Ser. B 73, 260–267. doi: 10.1302/0301-620x.73b2.
2005151

Arno, S., Bell, C. P., Alaia, M. J., Singh, B. C., Jazrawi, L. M., Walker, P. S.,
et al. (2016). Does anteromedial portal drilling improve footprint placement
in anterior cruciate ligament reconstruction? Clin. Orthop. Relat. Res. 474,
1679–1689. doi: 10.1007/s11999-016-4847-7

Arnoczky, S. P., Warren, R. F., and Ashlock, M. A. (1986). Replacement of the
anterior cruciate ligament using a patellar tendon allograft: an experimental
study. J. Bone Joint Surg. Am. 68, 376-385.

Au, A. G., Raso, V. J., Liggins, A. B., Otto, D. D., and Amirfazli, A. (2005).
A three-dimensional finite element stress analysis for tunnel placement and
buttons in anterior cruciate ligament reconstructions. J. Biomech. 38, 827–832.
doi: 10.1016/j.jbiomech.2004.05.007

Bae, J. Y., Kim, G. H., Seon, J. K., and Jeon, I. (2016). Finite element study on
the anatomic transtibial technique for single-bundle anterior cruciate ligament
reconstruction. Med. Biol. Eng. Comput. 54, 811–820. doi: 10.1007/s11517-015-
1372-x

Bae, T. S., and Cho, B. C. (2019). Biomechanical effect of tunnel positions and
pre-tension forces on implanted graft stress and strain during outside-in ACL
reconstruction surgery: a simulation study. Int. J. Precis. Eng. Manuf. 21,
519–524. doi: 10.1007/s12541-019-00283-x

Bak, K., Jorgensen, U., Ekstrand, J., and Scavenius, M. (2001). Reconstruction of
anterior cruciate ligament deficient knees in soccer players with an iliotibial
band autograft. A prospective study of 132 reconstructed knees followed for 4
(2-7) years. Scand. J. Med. Sci. Sport. 11, 16–22. doi: 10.1034/j.1600-0838.2001.
011001016.x

Beasley, L. S., Weiland, D. E., Vidal, A. F., Chhabra, A., Herzka, A. S., Feng, M. T.,
et al. (2005). Anterior cruciate ligament reconstruction: a literature review of the
anatomy, biomechanics, surgical considerations, and clinical outcomes. Oper.
Tech. Orthop. 15, 5–19. doi: 10.1053/j.oto.2004.11.003

Bendjaballah, M.Z., Shirazi-Adl, A., Zukor, D.J. (1995). Biomechanics of the human
knee joint in compression: reconstruction, mesh generation and finite element
analysis. Knee 2, 69–79.

Blankevoort, L., and Huiskes, R. (1991). Ligament-bone interaction in a three-
dimensional model of the knee. J. Biomech. Eng. 113, 263–269. doi: 10.1115/
1.2894883

Bourne, R. B., Finlay, J. B., Papadopoulos, P., Rorabeck, C. H., and Andreae, P.
(1984). In vitro strain distribution in the proximal tibia. Effect of varus-valgus

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 19 August 2020 | Volume 8 | Article 967

https://doi.org/10.1016/j.proeng.2012.07.358
https://doi.org/10.1016/j.proeng.2012.07.358
https://doi.org/10.1016/j.jbiomech.2015.12.020
https://doi.org/10.1302/0301-620x.73b2.2005151
https://doi.org/10.1302/0301-620x.73b2.2005151
https://doi.org/10.1007/s11999-016-4847-7
https://doi.org/10.1016/j.jbiomech.2004.05.007
https://doi.org/10.1007/s11517-015-1372-x
https://doi.org/10.1007/s11517-015-1372-x
https://doi.org/10.1007/s12541-019-00283-x
https://doi.org/10.1034/j.1600-0838.2001.011001016.x
https://doi.org/10.1034/j.1600-0838.2001.011001016.x
https://doi.org/10.1053/j.oto.2004.11.003
https://doi.org/10.1115/1.2894883
https://doi.org/10.1115/1.2894883
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


fbioe-08-00967 August 18, 2020 Time: 17:33 # 20

Benos et al. FE Modeling and Simulation of ACL Reconstruction

loading in the normal and osteoarthritic knee. Clin. Orthop. Relat. Res., 188,
285–292.

Brand, J., Weiler, A., Caborn, D. N., Brown, C. H., and Johnson, D. L. (2000). Graft
fixation in cruciate ligament reconstruction. Am. J. Sports Med. 28, 761–774.
doi: 10.1177/03635465000280052501

Brophy, R. H., and Pearle, A. D. (2009). Single-bundle anterior cruciate ligament
reconstruction: A comparison of conventional, central, and horizontal single-
bundle virtual graft positions. Am. J. Sports Med. 37, 1317–1323. doi: 10.1177/
0363546509333007

Brown, C. H., Spalding, T., and Robb, C. (2013). Medial portal technique for
single-bundle anatomical Anterior Cruciate Ligament (ACL) reconstruction.
Int. Orthop. 37, 253–269. doi: 10.1007/s00264-012-1772-6

Buoncristiani, A. M., Tjoumakaris, F. P., Starman, J. S., Ferretti, M., and Fu, F. H.
(2006). Anatomic double-bundle anterior cruciate ligament reconstruction.
Arthroscopy 22, 1000–1006. doi: 10.1016/j.arthro.2006.06.005

Butler, D. L., Kay, M. D., and Stouffer, D. C. (1986). Comparison of
material properties in fascicle-bone units from human patellar tendon
and knee ligaments. J. Biomech. 19, 425–432. doi: 10.1016/0021-9290(86)
90019-9

Butler, D. L., Sheh, M. Y., Stouffer, D. C., Samaranayake, V. A., and Levy, M. S.
(1990). Surface strain variation in human patellar tendon and knee cruciate
ligaments. J. Biomech. Eng. 112, 38–45. doi: 10.1115/1.2891124

Carey, J. L., Dunn, W. R., Dahm, D. L., Zeger, S. L., and Spindler, K. P. (2009). A
systematic review of anterior cruciate ligament reconstruction with autograft
compared with allograft. J. Bone Jt. Surg. Ser. A 91, 2242–2250. doi: 10.2106/
JBJS.I.00610

Cerulli, G., Placella, G., Sebastiani, E., Tei, M. M., Speziali, A., and Manfreda, F.
(2013). ACL reconstruction: choosing the graft. Joints 1, 18–24.

Chen, H., Tie, K., Qi, Y., Li, B., Chen, B., and Chen, L. (2017). Anteromedial
versus transtibial technique in single-bundle autologous hamstring ACL
reconstruction: a meta-analysis of prospective randomized controlled trials.
J. Orthop. Surg. Res. 12:167. doi: 10.1186/s13018-017-0671-3

Chizari, M., Snow, M., and Wang, B. (2009). Post-operative analysis of ACL
tibial fixation. Knee Surg. Sport Traumatol. Arthrosc. 17, 730–736. doi: 10.1007/
s00167-008-0685-9

Chizari, M., Snow, M., and Wang, B. (2011). Post-operative assessment of an
implant fixation in anterior cruciate ligament reconstructive surgery. J. Med.
Syst. 35, 941–947. doi: 10.1007/s10916-010-9514-z

Chizari, M., Wang, B., Snow, M., and Barrett, M. (2008). Experimental
and numerical analysis of screw fixation in anterior cruciate ligament
reconstruction. AIP Conf. Proc. 1045, 61–70. doi: 10.1063/1.2991351

Chizari, M., and Wang, B. (2009). “SIMULIA customer conference 3D numerical
analysis of an ACL reconstructed knee,” Proceedings of the 2009 SIMULIA
Customer Conference, (London: SIMULIA Corp).

Claes, S., Vereecke, E., Maes, M., Victor, J., Verdonk, P., and Bellemans, J. (2013).
Anatomy of the anterolateral ligament of the knee. J. Anat. 223, 321–328.
doi: 10.1111/joa.12087

Clockaerts, S., Van Haver, A., Verhaegen, J., Vuylsteke, K., Leenders, T., Lagae,
K. C., et al. (2016). Transportal femoral drilling creates more horizontal ACL
graft orientation compared to transtibial drilling: A 3D CT imaging study. Knee
23, 412–419. doi: 10.1016/j.knee.2016.02.014

Completo, A., Noronha, J. C., Oliveira, C., and Fonseca, F. (2019). Biomechanical
evidence on anterior cruciate ligament reconstruction. Rev. Bras. Ortop. 54,
190–197. doi: 10.1016/j.rbo.2017.11.008

Cooper, D. E., Deng, X. H., Burstein, A. L., and Warren, R. F. (1993). The strength
of the central third patellar tendon graft: a biomechanical study. Am. J. Sports
Med. 21, 818–23; discussion 823–824. doi: 10.1177/036354659302100610

Dale, J. J., and Holdø, A. E. (2004). “Fluid structure interaction modelling,” in
American Society of Mechanical Engineers, Pressure Vessels and Piping Division
(Publication) PVP (ıNew York, NY: American Society of Mechanical Engineers
Digital Collection), 95–106. doi: 10.1115/PVP2004-2858.

Dhammi, I. K., Rehan-Ul-Haq, and Kumar, S. (2015). Graft choices for anterior
cruciate ligament reconstruction. Indian J. Orthop. 49, 127–128. doi: 10.4103/
0019-5413.152393

Duquin, T., Wind, W., Fineberg, M., Smolinski, R., and Buyea, C. (2009). Current
trends in anterior cruciate ligament reconstruction. J. Knee Surg. 22, 7–12.
doi: 10.1055/s-0030-1247719

Federico, S., La Rosa, G., Herzog, W., and Wu, J. Z. (2004). Effect of fluid boundary
conditions on joint contact mechanics and applications to the modeling of
osteoarthritic joints. J. Biomech. Eng. 126, 220–225. doi: 10.1115/1.1691445

Frank, C. B. (2004). Ligament structure, physiology and function. J. Musculoskelet.
Neuronal Interact. 4, 199–201.

Frank Noyes, B. R., Butler, D. L., Grood, E. S., and Zfrni, R. F. (1984).
Biomechanical analysis of human ligament grafts used in knee-ligament repairs
and reconstructions. J. Bone Joint Surg. 66, 344–352.

Fu, F. H., Bennett, C. H., Lattermann, C., and Ma, C. B. (1999). Current
trends in anterior cruciate ligament reconstruction. Part 1: biology and
biomechanics of reconstruction. Am. J. Sports Med. 27, 821–830. doi: 10.1177/
03635465990270062501

Fu, F. H., Bennett, C. H., Ma, C. B., Menetrey, J., and Lattermann, C. (2000).
Current trends in anterior cruciate ligament reconstruction. Part II: operative
procedures and clinical correlations. Am. J. Sports Med. 28, 124-130. doi: 10.
1177/03635465000280010801

Fukubayashi, T., and Kurosawa, H. (1980). the contact area and pressure
distribution pattern of the knee: a study of normal and osteoarthrotic knee
joints. Acta Orthop. 51, 871–879. doi: 10.3109/17453678008990887

Galbusera, F., Freutel, M., Dürselen, L., D’Aiuto, M., Croce, D., Villa, T., et al.
(2014). Material models and properties in the finite element analysis of knee
ligaments: a literature review. Front. Bioeng. Biotechnol. 2.54 doi: 10.3389/fbioe.
2014.00054

Gardiner, J. C., and Weiss, J. A. (2003). Subject-specific finite element analysis of
the human medial collateral ligament during valgus knee loading. J. Orthop. Res.
21, 1098–1106. doi: 10.1016/S0736-0266(03)00113-X

Gasser, T. C., Ogden, R. W., and Holzapfel, G. A. (2005). Hyperelastic modelling of
arterial layers with distributed collagen fibre orientations. J. R. Soc. Interface 3,
15–35. doi: 10.1098/rsif.2005.0073

Girgis, F., Marshall, J., and Al Monajem, A. R. S. (1975). The cruciate ligaments of
the knee joint. Anatomical, functional and experimental analysis. Clin. Orthop.
Relat. Res. 106, 216–231. doi: 10.1097/00003086-197501000-00033

Guide for Verification & Validation in Computational Solid Mechanics - ASME
(2020). Available online at: https://www.asme.org/codes-standards/find-
codes-standards/v-v-10-guide-verification-validation-computational-solid-
mechanics (accessed June 5, 2020).

Halonen, K. S., Mononen, M. E., Jurvelin, J. S., Töyräs, J., Salo, J., and Korhonen,
R. K. (2014). Deformation of articular cartilage during static loading of a knee
joint - Experimental and finite element analysis. J. Biomech. 47, 2467–2474.
doi: 10.1016/j.jbiomech.2014.04.013

Halonen, K. S., Mononen, M. E., Töyräs, J., Kröger, H., Joukainen, A., and
Korhonen, R. K. (2016). Optimal graft stiffness and pre-strain restore normal
joint motion and cartilage responses in ACL reconstructed knee. J. Biomech. 49,
2566–2576. doi: 10.1016/j.jbiomech.2016.05.002

Hamner, D. L., Brown, C. H., Steiner, M. E., Hecker, A. T., and Hayes, W. C. (1999).
Hamstring tendon grafts for reconstruction of the anterior cruciate ligament:
biomechanical evaluation of the use of multiple strands and tensioning
techniques. J. Bone Joint Surg. 81, 549–557. doi: 10.2106/00004623-199904000-
00013

Harilainen, A., Sandelin, J., and Jansson, K. (2005). Cross-pin femoral fixation
versus metal interference screw fixation in anterior cruciate ligament
reconstruction with hamstring tendons: results of a controlled prospective
randomized study with 2-year follow-up. Arthroscopy 21, 25–33. doi: 10.1016/j.
arthro.2004.09.013

Harner, C. D., Vogrin, T. M., and Woo, S. L.-Y. (2001). “Anatomy and
biomechanics of the posterior cruciate ligament,” in Posterior Cruciate Ligament
Injuries, (New York, NY: Springer), 3–22. doi: 10.1007/978-0-387-21601-0_1.

Harrington, I. (1976). A bioengineering analysis of force actions at the knee in
normal and pathological gait. Biomed. Eng., 11,167–172.

Hefti, F., Kress, A., and Fasel, J. H. (1991). Healing of the transected anterior
cruciate ligament in the rat. J. Bone Joint. Surg. 73A, 373–383.

Hron, J., and Mádlík, M. (2007). Fluid-structure interaction with applications
in biomechanics. Nonl. Anal. Real World Appl. 8, 1431–1458. doi: 10.1016/j.
nonrwa.2006.05.007

Huang, R., Zheng, H., and Xu, Q. (2012). Biomechanical evaluation of different
techniques in double bundle anterior cruciate ligament reconstruction using
finite element analysis. J. Biomim. Biomater. Biomed. Eng. 13, 55–68

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 20 August 2020 | Volume 8 | Article 967

https://doi.org/10.1177/03635465000280052501
https://doi.org/10.1177/0363546509333007
https://doi.org/10.1177/0363546509333007
https://doi.org/10.1007/s00264-012-1772-6
https://doi.org/10.1016/j.arthro.2006.06.005
https://doi.org/10.1016/0021-9290(86)90019-9
https://doi.org/10.1016/0021-9290(86)90019-9
https://doi.org/10.1115/1.2891124
https://doi.org/10.2106/JBJS.I.00610
https://doi.org/10.2106/JBJS.I.00610
https://doi.org/10.1186/s13018-017-0671-3
https://doi.org/10.1007/s00167-008-0685-9
https://doi.org/10.1007/s00167-008-0685-9
https://doi.org/10.1007/s10916-010-9514-z
https://doi.org/10.1063/1.2991351
https://doi.org/10.1111/joa.12087
https://doi.org/10.1016/j.knee.2016.02.014
https://doi.org/10.1016/j.rbo.2017.11.008
https://doi.org/10.1177/036354659302100610
https://doi.org/10.1115/PVP2004-2858.
https://doi.org/10.4103/0019-5413.152393
https://doi.org/10.4103/0019-5413.152393
https://doi.org/10.1055/s-0030-1247719
https://doi.org/10.1115/1.1691445
https://doi.org/10.1177/03635465990270062501
https://doi.org/10.1177/03635465990270062501
https://doi.org/10.1177/03635465000280010801
https://doi.org/10.1177/03635465000280010801
https://doi.org/10.3109/17453678008990887
https://doi.org/10.3389/fbioe.2014.00054
https://doi.org/10.3389/fbioe.2014.00054
https://doi.org/10.1016/S0736-0266(03)00113-X
https://doi.org/10.1098/rsif.2005.0073
https://doi.org/10.1097/00003086-197501000-00033
https://www.asme.org/codes-standards/find-codes-standards/v-v-10-guide-verification-validation-computational-solid-mechanics
https://www.asme.org/codes-standards/find-codes-standards/v-v-10-guide-verification-validation-computational-solid-mechanics
https://www.asme.org/codes-standards/find-codes-standards/v-v-10-guide-verification-validation-computational-solid-mechanics
https://doi.org/10.1016/j.jbiomech.2014.04.013
https://doi.org/10.1016/j.jbiomech.2016.05.002
https://doi.org/10.2106/00004623-199904000-00013
https://doi.org/10.2106/00004623-199904000-00013
https://doi.org/10.1016/j.arthro.2004.09.013
https://doi.org/10.1016/j.arthro.2004.09.013
https://doi.org/10.1007/978-0-387-21601-0_1.
https://doi.org/10.1016/j.nonrwa.2006.05.007
https://doi.org/10.1016/j.nonrwa.2006.05.007
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


fbioe-08-00967 August 18, 2020 Time: 17:33 # 21

Benos et al. FE Modeling and Simulation of ACL Reconstruction

Järvelä, S., Kiekara, T., Suomalainen, P., and Järvelä, T. (2017). Double-bundle
versus single-bundle anterior cruciate ligament reconstruction: a prospective
randomized study with 10-year results. Am. J. Sports Med. 45, 2578–2585.
doi: 10.1177/0363546517712231

Järvelä, T. (2007). Double-bundle versus single-bundle anterior cruciate ligament
reconstruction: a prospective, randomize clinical study. Knee Surg. Sport
Traumatol. Arthrosc. 15, 500–507. doi: 10.1007/s00167-006-0254-z

Kang, K., and Bae, T. S. (2017). Effect of femoral tunnel positions on graft stress
in outside-in ACL reconstruction surgery during continuous knee motion: a
simulation study. Int. J. Med. Robot. Comput. Assist. Surg. 13:e1817. doi: 10.
1002/rcs.1817

Kastelic, J., Galeski, A., and Baer, E. (1978). The multicomposite structure of
tendon. Connect. Tissue Res. 6, 11–23. doi: 10.3109/03008207809152283

Kato, Y., Maeyama, A., Lertwanich, P., Wang, J. H., Ingham, S. J. M., Kramer, S.,
et al. (2013). Biomechanical comparison of different graft positions for single-
bundle anterior cruciate ligament reconstruction. Knee Surg. Sport Traumatol.
Arthrosc. 21, 816–823. doi: 10.1007/s00167-012-1951-4

Kazemi, M., Dabiri, Y., and Li, L. P. (2013). Recent advances in computational
mechanics of the human knee joint. Comput. Math. Methods Med. 2013:718423.
doi: 10.1155/2013/718423

Kim, H. S., Seon, J. K., and Jo, A. R. (2013). Current trends in anterior cruciate
ligament reconstruction. Knee Surg. Relat. Res. 25, 165–173. doi: 10.5792/ksrr.
2013.25.4.165

Kim, H. Y., Seo, Y. J., Kim, H. J., Nguyenn, T., Shetty, N. S., and Yoo, Y. S.
(2011). Tension changes within the bundles of anatomic double-bundle anterior
cruciate ligament reconstruction at different knee flexion angles: a study using a
3-dimensional finite element model. Arthroscopy 27, 1400–1408. doi: 10.1016/j.
arthro.2011.05.012

Kustos, T., Balint, L., Than, P., and Bardos, T. (2004). Comparative study of
autograft or allograft in primary anterior cruciate ligament reconstruction. Int.
Orthop. 28, 290–293. doi: 10.1007/s00264-004-0568-8

Kutz, M. (2003). Standard Handbook of Biomedical Engineering and Design.
Available online at: http://agris.fao.org/agris-search/search.do?recordID=
US201300075879 (accessed February 6, 2020).

Legnani, C., Ventura, A., Terzaghi, C., Borgo, E., and Albisetti, W. (2010). Anterior
cruciate ligament reconstruction with synthetic grafts: a review of literature. Int.
Orthop. 34, 465–471. doi: 10.1007/s00264-010-0963-2

Li, G., Gil, J., Kanamori, A., and Woo, S. L. Y. (1999). A validated three-
dimensional computational model of a human knee joint. J. Biomech. Eng. 121,
657–662. doi: 10.1115/1.2800871

Liu, F., Kozanek, M., Hosseini, A., Van de Velde, S. K., Gill, T. J., Rubash, H. E.,
et al. (2010). In vivo tibiofemoral cartilage deformation during the stance phase
of gait. J. Biomech. 43, 658–665. doi: 10.1016/j.jbiomech.2009.10.028

Maas, S. A., and Weiss, J. A. (2007). FEBio Theory Manual. Available online at:
http://mrl.sci.utah.edu/software/febio (accessed May 1, 2020).

Mahapatra, P., Horriat, S., and Anand, B. S. (2018). Anterior cruciate ligament
repair – past, present and future. J. Exp. Orthop. 5:20. doi: 10.1186/s40634-018-
0136-6

Makris, E., Hadidi, P., and Athanasiou, K. (2011)., The knee meniscus: structure–
function, pathophysiology, current repair techniques, and prospects for
regeneration. Biomaterials 35, 7411–7431. doi: 10.1016/j.biomaterials.2011.06.
037

Mandal, A., Shaw, R., Biswas, D., and Basu, A. (2012). Transportal versus transtibial
drilling technique of creating femoral tunnel in arthroscopic anterior cruciate
ligament reconstruction using hamstring tendon autograft. J. Indian Med.
Assoc. 110, 773–775.

Marrale, J., Morrissey, M. C., and Haddad, F. S. (2007). A literature review
of autograft and allograft anterior cruciate ligament reconstruction. Knee
Surg. Sport Traumatol. Arthrosc. 15, 690–704. doi: 10.1007/s00167-006-
0236-1

Mehl, J., Otto, A., Baldino, J. B., Achtnich, A., Akoto, R., Imhoff, A. B., et al. (2019).
The ACL-deficient knee and the prevalence of meniscus and cartilage lesions:
a systematic review and meta-analysis (CRD42017076897). Arch. Orthop.
Trauma Surg. 139, 819–841. doi: 10.1007/s00402-019-03128-4

Minns, R., Soden, P., and Jackson, D., (1973). The role of the fibrous components
and ground substance in the mechanical properties of biological tissues: a
preliminary investigation. J. Biomech. 6, 153–165. doi: 10.1016/0021-9290(73)
90084-5

Mistry, H., Metcalfe, A., Colquitt, J., Loveman, E., Smith, N. A., Royle, P., et al.
(2019). Autograft or allograft for reconstruction of anterior cruciate ligament:
a health economics perspective. Knee Surg. Sport Traumatol. Arthrosc. 27,
1782–1790. doi: 10.1007/s00167-019-05436-z

Moglo, K. E., and Shirazi-Adl, A. (2003). Biomechanics of passive knee joint in
drawer: load transmission in intact and ACL-deficient joints. Knee 10, 265–276.
doi: 10.1016/S0968-0160(02)00135-7

Murray, M. M., Magarian, E. M., Harrison, S. L., Mastrangelo, A. N., Zurakowski,
D., and Fleming, B. C. (2010). The effect of skeletal maturity on functional
healing of the anterior cruciate ligament. J. Bone Jt. Surg. Am. 92, 2039–2049.
doi: 10.2106/JBJS.I.01368

Naghibi, H., Janssen, D., Van Tienen, T., Van de Groes, S., Van de Boogaard, T.,
and Verdonschot, N. (2020). A novel approach for optimal graft positioning
and tensioning in anterior cruciate ligament reconstructive surgery based on
the finite element modeling technique. Knee 27, 384–396 doi: 10.1016/j.knee.
2020.01.010

Naghibi Beidokhti, H., Janssen, D., van de Groes, S., Hazrati, J., Van den Boogaard,
T., Verdonschot, N. (2017) The influence of ligament modelling strategies on
the predictive capability of finite element models of the human knee joint.
J. Biomech. 65, 1–11.

Nikolopoulos, F. P., Zacharaki, E. I., Stanev, D., and Moustakas, K. (2020).
Personalized knee geometry modeling based on multi-atlas segmentation and
mesh refinement. IEEE Access 8, 56766–56781. doi: 10.1109/ACCESS.2020.
2982061

Noyes, F., and Grood, E. (1976). The strength of the anterior cruciate ligament
in humans and Rhesus monkeys. J. Bone Jt. Surg. 58, 1074–1082. doi: 10.2106/
00004623-197658080-00006

Ozel, O., Yucel, B., Orman, O., Demircay, E., and Mutlu, S. (2017). Comparison
of anteromedial and transtibial ACL reconstruction using expandable fixation.
Orthopedics 40, e532–e537. doi: 10.3928/01477447-20170404-02

Peña, E., Calvo, B., Martinez, M. A., Palanca, D., and Doblaré, M. (2006). Influence
of the tunnel angle in ACL reconstructions on the biomechanics of the knee
joint. Clin. Biomech. 21, 508–516. doi: 10.1016/j.clinbiomech.2005.12.013

Peña, E., Martínez, M. A., Calvo, B., Palanca, D., and Doblaré, M. (2005). A finite
element simulation of the effect of graft stiffness and graft tensioning in ACL
reconstruction. Clin. Biomech. 20, 636–644. doi: 10.1016/j.clinbiomech.2004.07.
014

Pioletti, D. P., Rakotomanana, L. R., Benvenuti, J. F., and Leyvraz, P. F. (1998).
Viscoelastic constitutive law in large deformations: application to human knee
ligaments and tendons. J. Biomech. 31, 753–757. doi: 10.1016/S0021-9290(98)
00077-3

PRISMA (2020). Available online at: http://prisma-statement.org/
prismastatement/flowdiagram.aspx (accessed March 13, 2020).

Ramaniraka, N. A., Saunier, P., Siegrist, O., and Pioletti, D. P. (2007).
Biomechanical evaluation of intra-articular and extra-articular procedures
in anterior cruciate ligament reconstruction: a finite element analysis. Clin.
Biomech. 22, 336–343. doi: 10.1016/j.clinbiomech.2006.10.006

Reeves, N. D., Maganaris, C. N., Maffulli, N., and Rittweger, J. (2009). Human
patellar tendon stiffness is restored following graft harvest for anterior cruciate
ligament surgery. J. Biomech. 42, 797–803. doi: 10.1016/j.jbiomech.2009.01.030

Reilly, D., Walker, P. S., Ben-Dov, M., and Ewald, F. C. (1982). Effects of tibial
components on load transfer in the upper tibia. Clin. Orthop. Relat. Res. 165,
273-282.

Richter, D. J., Lyon, R., Van Valin, S., and Liu, X.-C. (2018). Current strategies and
future directions to optimize ACL reconstruction in adolescent patients. Front.
Surg. 5:36. doi: 10.3389/fsurg.2018.00036

Saarakkala, S., Julkunen, P., Kiviranta, P., Mäkitalo, J., Jurvelin, J. S., and Korhonen,
R. K. (2010). Depth-wise progression of osteoarthritis in human articular
cartilage: investigation of composition, structure and biomechanics. Osteoarthr.
Cartil. 18, 73–81. doi: 10.1016/j.joca.2009.08.003

Schmidt, T. A., and Sah, R. L. (2007). Effect of synovial fluid on boundary
lubrication of articular cartilage. Osteoarthr. Cartil. 15, 35–47. doi: 10.1016/j.
joca.2006.06.005

Simmons, R., Howell, S. M., and Hull, M. L. (2003). Effect of the angle of the
femoral and tibial tunnels in the coronal plane and incremental excision of the
posterior cruciate ligament on tension of an anterior cruciate ligament graft: an
in vitro study. J. Bone Jt. Surg. Ser. A 85, 1018–1029. doi: 10.2106/00004623-
200306000-00006

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 21 August 2020 | Volume 8 | Article 967

https://doi.org/10.1177/0363546517712231
https://doi.org/10.1007/s00167-006-0254-z
https://doi.org/10.1002/rcs.1817
https://doi.org/10.1002/rcs.1817
https://doi.org/10.3109/03008207809152283
https://doi.org/10.1007/s00167-012-1951-4
https://doi.org/10.1155/2013/718423
https://doi.org/10.5792/ksrr.2013.25.4.165
https://doi.org/10.5792/ksrr.2013.25.4.165
https://doi.org/10.1016/j.arthro.2011.05.012
https://doi.org/10.1016/j.arthro.2011.05.012
https://doi.org/10.1007/s00264-004-0568-8
http://agris.fao.org/agris-search/search.do?recordID=US201300075879
http://agris.fao.org/agris-search/search.do?recordID=US201300075879
https://doi.org/10.1007/s00264-010-0963-2
https://doi.org/10.1115/1.2800871
https://doi.org/10.1016/j.jbiomech.2009.10.028
http://mrl.sci.utah.edu/software/febio
https://doi.org/10.1186/s40634-018-0136-6
https://doi.org/10.1186/s40634-018-0136-6
https://doi.org/10.1016/j.biomaterials.2011.06.037
https://doi.org/10.1016/j.biomaterials.2011.06.037
https://doi.org/10.1007/s00167-006-0236-1
https://doi.org/10.1007/s00167-006-0236-1
https://doi.org/10.1007/s00402-019-03128-4
https://doi.org/10.1016/0021-9290(73)90084-5
https://doi.org/10.1016/0021-9290(73)90084-5
https://doi.org/10.1007/s00167-019-05436-z
https://doi.org/10.1016/S0968-0160(02)00135-7
https://doi.org/10.2106/JBJS.I.01368
https://doi.org/10.1016/j.knee.2020.01.010
https://doi.org/10.1016/j.knee.2020.01.010
https://doi.org/10.1109/ACCESS.2020.2982061
https://doi.org/10.1109/ACCESS.2020.2982061
https://doi.org/10.2106/00004623-197658080-00006
https://doi.org/10.2106/00004623-197658080-00006
https://doi.org/10.3928/01477447-20170404-02
https://doi.org/10.1016/j.clinbiomech.2005.12.013
https://doi.org/10.1016/j.clinbiomech.2004.07.014
https://doi.org/10.1016/j.clinbiomech.2004.07.014
https://doi.org/10.1016/S0021-9290(98)00077-3
https://doi.org/10.1016/S0021-9290(98)00077-3
http://prisma-statement.org/prismastatement/flowdiagram.aspx
http://prisma-statement.org/prismastatement/flowdiagram.aspx
https://doi.org/10.1016/j.clinbiomech.2006.10.006
https://doi.org/10.1016/j.jbiomech.2009.01.030
https://doi.org/10.3389/fsurg.2018.00036
https://doi.org/10.1016/j.joca.2009.08.003
https://doi.org/10.1016/j.joca.2006.06.005
https://doi.org/10.1016/j.joca.2006.06.005
https://doi.org/10.2106/00004623-200306000-00006
https://doi.org/10.2106/00004623-200306000-00006
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


fbioe-08-00967 August 18, 2020 Time: 17:33 # 22

Benos et al. FE Modeling and Simulation of ACL Reconstruction

Skyhar, M. J., Warren, R. F., Ortiz, G. J., Schwartz, E., and Otis, J. C. (1993). The
effects of sectioning of the posterior cruciate ligament and the posterolateral
complex on the articular contact pressures within the knee. J. Bone Jt. Surg. Ser.
A 75, 694–699. doi: 10.2106/00004623-199305000-00008

Spyrou, L. A., and Aravas, N. (2012). Muscle-driven finite element simulation
of human foot movements. Comput. Methods Biomech. Biomed. Engin. 15,
925–934. doi: 10.1080/10255842.2011.566564

Spyrou, L. A., Brisard, S., and Danas, K. (2019). Multiscale modeling of skeletal
muscle tissues based on analytical and numerical homogenization. J. Mech.
Behav. Biomed. Mater. 92, 97–117. doi: 10.1016/j.jmbbm.2018.12.030

Stanev, D., Kokonozi, A., Filip, K., Nikolopoulos, F., Moustakas, K., Benos, L.,
et al. (2020). SafeACL: Ligament reconstruction based on subject-specific
musculoskeletal and finite element models. Inform. Intell. Syst. Appl. 1, 64–68.
doi: 10.26220/IISA.3329

Stanev, D., Moustakas, K., Gliatis, J., and Koutsojannis, C. (2016). ACL
reconstruction decision support: personalized simulation of the lachman test
and custom activities. Methods Inf. Med. 55, 98–105. doi: 10.3414/ME14-02-
0022

Stener, S., Ejerhed, L., Sernert, N., Laxdal, G., Rostgård-Christensen, L., and
Kartus, J. (2010). A long-term, prospective, randomized study comparing
biodegradable and metal interference screws in anterior cruciate ligament
reconstruction surgery: Radiographic results and clinical outcome. Am. J. Sports
Med. 38, 1598–1605. doi: 10.1177/0363546510361952

Suggs, J., Wang, C., and Li, G. (2003). The effect of graft stiffness on knee
joint biomechanics after ACL reconstruction—-a 3D computational simulation.
Clin. Biomech. 18, 35–43. doi: 10.1016/S0268-0033(02)00137-7

Suomalainen, P., Järvelä, T., Paakkala, A., Kannus, P., and Järvinen, M. (2012).
Double-bundle versus single-bundle anterior cruciate ligament reconstruction:
a prospective randomized study with 5-year results. Am. J. Sports Med. 40,
1511–1518. doi: 10.1177/0363546512448177

Tampere, T., Devriendt, W., Cromheecke, M., Luyckx, T., Verstraete, M., and
Victor, J. (2019). Tunnel placement in ACL reconstruction surgery: smaller
inter-tunnel angles and higher peak forces at the femoral tunnel using
anteromedial portal femoral drilling—a 3D and finite element analysis.
Knee Surg. Sport Traumatol. Arthrosc. 27, 2568–2576. doi: 10.1007/s00167-01
8-5272-0

Tanska, P., Venäläinen, M. S., Erdemir, A., and Korhonen, R. K. (2020). A
multiscale framework for evaluating three-dimensional cell mechanics in fibril-
reinforced poroelastic tissues with anatomical cell distribution – analysis of
chondrocyte deformation behavior in mechanically loaded articular cartilage.
J. Biomech. 101:109648. doi: 10.1016/j.jbiomech.2020.109648

Turner, C. H., Wang, T., and Burr, D. B. (2001). Shear strength and fatigue
properties of human cortical bone determined from pure shear tests. Calcif.
Tissue Int. 69, 373–378. doi: 10.1007/s00223-001-1006-1

Vairis, A., Stefanoudakis, G., Petousis, M., Vidakis, N., Tsainis, A. M., and Kandyla,
B. (2016). Evaluation of an intact, an ACL-deficient, and a reconstructed human
knee joint finite element model. Comput. Methods Biomech. Biomed. Engin. 19,
263–270. doi: 10.1080/10255842.2015.1015526

Vaishya, R., Agarwal, A. K., Ingole, S., and Vijay, V. (2015). Current trends in
anterior cruciate ligament reconstruction: a review. Cureus 7:e378 doi: 10.7759/
cureus.378

van Kampen, A., Wymenga, A. B., van der Heide, H. J., and Bakens, H. J.
(1998). The effect of different graft tensioning in anterior cruciate ligament
reconstruction: a prospective randomized study. Arthroscopy 14, 845–850. doi:
10.1016/s0749-8063(98)70022-2

Wan, C., Hao, Z., Li, Z., and Lin, J. (2017). Finite element simulations of different
hamstring tendon graft lengths and related fixations in anterior cruciate
ligament reconstruction. Med. Biol. Eng. Comput. 55, 2097–2106. doi: 10.1007/
s11517-017-1637-7

Wan, C., Hao, Z., and Wen, S. (2011). “The finite element analysis of three
grafts in the anterior cruciate ligament reconstruction,” in Proceedings -
2011 4th International Conference on Biomedical Engineering and Informatics,
BMEI 2011, (Piscataway, NJ: IEEE), 1338–1342. doi: 10.1109/BMEI.2011.60
98519

Wang, L., Lin, L., Feng, Y., Fernandes, T. L., Asnis, P., Hosseini, A., et al. (2015).
Anterior cruciate ligament reconstruction and cartilage contact forces – A
3D computational simulation. Clin. Biomech. 30, 1175–1180. doi: 10.1016/j.
clinbiomech.2015.08.007

Weiler, A., Hoffmann, R. F. G., Siepe, C. J., Kolbeck, S. F., and Südkamp, N. P.
(2000). The influence of screw geometry on hamstring tendon interference
fit fixation. Am. J. Sports Med. 28, 356–359. doi: 10.1177/0363546500028
0031201

Weiss, J. A., and Gardiner, J. C. (2001). Computational modeling of ligament
mechanics. Crit. Rev. Biomed. Eng. 29, 303–371. doi: 10.1615/critrevbiomedeng.
v29.i3.20

Weiss, J. A., Maker, B. N., and Govindjee, S. (1996). Finite element implementation
of incompressible, transversely isotropic hyperelasticity. Comput. Methods
Appl. Mech. Eng. 135, 107–128. doi: 10.1016/0045-7825(96)01035-3

Westermann, R. W., Wolf, B. R., and Elkins, J. (2017). Optimizing graft placement
in anterior cruciate ligament reconstruction: a finite element analysis. J. Knee
Surg. 30, 97–106. doi: 10.1055/s-0036-1581137

Westermann, R. W., Wolf, B. R., and Elkins, J. M. (2013). Effect of ACL
reconstruction graft size on simulated Lachman testing: a finite element
analysis. Iowa Orthop. J. 33, 70–77.

Wilson, W., van Donkelaar, C. C., van Rietbergen, R., and Huiskes, R. (2005).
The role of computational models in the search for the mechanical behavior
and damage mechanisms of articular cartilage. Med. Eng. Phys. 27, 810–826.
doi: 10.1016/j.medengphy.2005.03.004

Woo, S. L., Chan, S. S., and Yamaji, T. (1997). Biomechanics of knee ligament
healing, repair and reconstruction. J. Biomech. 30, 431–439. doi: 10.1016/s0021-
9290(96)00168-6

Yagi, M., Wong, E. K., Kanamori, A., Debski, R. E., Fu, F. H., and Woo,
S. L. Y. (2002). Biomechanical analysis of an anatomic anterior cruciate
ligament reconstruction. Am. J. Sports Med. 30, 660–666. doi: 10.1177/
03635465020300050501

Yao, J., Wen, C., Cheung, J. T. M., Zhang, M., Hu, Y., Yan, C., et al. (2012).
Deterioration of stress distribution due to tunnel creation in single-bundle and
double-bundle anterior cruciate ligament reconstructions. Ann. Biomed. Eng.
40, 1554–1567. doi: 10.1007/s10439-012-0517-4

Yasuda, K., Tsujino, J., Tanabe, Y., and Kaneda, K. (1997). Effects of initial graft
tension on clinical outcome after anterior cruciate ligament reconstruction.
Autogenous doubled hamstring tendons connected in series with polyester
tapes. Am. J. Sports Med. 25, 99–106. doi: 10.1177/0363546597025
00120

Yasuda, K., van Eck, C. F., Hoshino, Y., Fu, F. H., and Tashman, S. (2011).
Anatomic single- and double-bundle anterior cruciate ligament reconstruction,
part 1: basic science. Am. J. Sports Med. 39, 1789-1799. doi: 10.1177/
0363546511402659

Yoo, Y. S., Jeong, W. S., Shetty, N. S., Ingham, S. J. M., Smolinski, P., and Fu,
F. (2010). Changes in ACL length at different knee flexion angles: an in vivo
biomechanical study. Knee Surg. Sport Traumatol. Arthrosc. 18, 292–297. doi:
10.1007/s00167-009-0932-8

Zantop, T., Petersen, W., Sekiya, J. K., Musahl, V., and Fu, F. H. (2006). Anterior
cruciate ligament anatomy and function relating to anatomical reconstruction.
Knee Surg. Sport Traumatol. Arthrosc. 14, 982–992. doi: 10.1007/s00167-006-
0076-z

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Benos, Stanev, Spyrou, Moustakas and Tsaopoulos. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 22 August 2020 | Volume 8 | Article 967

https://doi.org/10.2106/00004623-199305000-00008
https://doi.org/10.1080/10255842.2011.566564
https://doi.org/10.1016/j.jmbbm.2018.12.030
https://doi.org/10.26220/IISA.3329
https://doi.org/10.3414/ME14-02-0022
https://doi.org/10.3414/ME14-02-0022
https://doi.org/10.1177/0363546510361952
https://doi.org/10.1016/S0268-0033(02)00137-7
https://doi.org/10.1177/0363546512448177
https://doi.org/10.1007/s00167-018-5272-0
https://doi.org/10.1007/s00167-018-5272-0
https://doi.org/10.1016/j.jbiomech.2020.109648
https://doi.org/10.1007/s00223-001-1006-1
https://doi.org/10.1080/10255842.2015.1015526
https://doi.org/10.7759/cureus.378
https://doi.org/10.7759/cureus.378
https://doi.org/10.1016/s0749-8063(98)70022-2
https://doi.org/10.1016/s0749-8063(98)70022-2
https://doi.org/10.1007/s11517-017-1637-7
https://doi.org/10.1007/s11517-017-1637-7
https://doi.org/10.1109/BMEI.2011.6098519
https://doi.org/10.1109/BMEI.2011.6098519
https://doi.org/10.1016/j.clinbiomech.2015.08.007
https://doi.org/10.1016/j.clinbiomech.2015.08.007
https://doi.org/10.1177/03635465000280031201
https://doi.org/10.1177/03635465000280031201
https://doi.org/10.1615/critrevbiomedeng.v29.i3.20
https://doi.org/10.1615/critrevbiomedeng.v29.i3.20
https://doi.org/10.1016/0045-7825(96)01035-3
https://doi.org/10.1055/s-0036-1581137
https://doi.org/10.1016/j.medengphy.2005.03.004
https://doi.org/10.1016/s0021-9290(96)00168-6
https://doi.org/10.1016/s0021-9290(96)00168-6
https://doi.org/10.1177/03635465020300050501
https://doi.org/10.1177/03635465020300050501
https://doi.org/10.1007/s10439-012-0517-4
https://doi.org/10.1177/036354659702500120
https://doi.org/10.1177/036354659702500120
https://doi.org/10.1177/0363546511402659
https://doi.org/10.1177/0363546511402659
https://doi.org/10.1007/s00167-009-0932-8
https://doi.org/10.1007/s00167-009-0932-8
https://doi.org/10.1007/s00167-006-0076-z
https://doi.org/10.1007/s00167-006-0076-z
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	A Review on Finite Element Modeling and Simulation of the Anterior Cruciate Ligament Reconstruction
	Introduction
	Methods
	Finite Element Modeling of Acl Reconstruction
	Knee Joint Anatomy
	Geometry Modeling and Mesh Generation
	Loading and Boundary Conditions
	Material Modeling and Properties of Grafts
	Structure
	Material Models and Properties

	Verification and Validation Assessment

	Simulation of Different Surgery Techniques
	Single- or Double-Bundle ACL Reconstruction
	Graft Options
	Graft Fixation
	Graft Pretension

	Conclusion
	Study Limitations and Strengths
	Author Contributions
	Funding
	References


