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Abstract

Computational models have been widely used for more than four decades to evaluate the mechanical behavior
of knee joint arthroplasty. Validated computational models provide a virtual platform to develop optimal articular
surfaces which achieve desired implant characteristics. This review paper provides a comprehensive overview
of the computational models available to represent knee joint arthroplasty. A brief overview of knee joint
anatomy and arthroplasty is provided, followed by computational model development techniques. Use of the
computational models in development of knee joint arthroplasty and pre- or post-clinical evaluation is
summarized. This review paper presents current modeling capabilities for implant design and stability, with
further suggestions for studying the performance of implants on a population level. However, simulations must
include closely corroborated multi-domain analysis in order to account for real-life variability.
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1. Anatomy of the knee joint

The knee joint is one of the most important joints in the human body. It allows the lower extremity to move relative
to the thigh while supporting the body weight. Knee joint movements are essential to many basic activities such as
walking, running, sitting and standing.

The tibiofemoral (TF) joint is a synovial hinge joint formed between three bones: the femur, tibia, and patella. Two
rounded convex condyles on the distal end of the femur meet rounded medial concave and lateral convex condyles at the
proximal end of the tibia (Freeman and Pinskerova, 2005).

In addition to the TF, the knee also includes the patellofemoral (PF) joint (Fig.1). Together, these joints allow the
knee to move in three planes: sagittal, transverse, and coronal. This offers a range of motion in six degrees of freedom,
including flexion and extension in the sagittal plane, internal and external rotation in the transverse plane, and varus and
valgus stress in the coronal plane. (Fig.2) The position of the knee between the two longest lever arms of the body, the
femur and tibia, and its role in weight bearing renders it susceptible to injuries (Abulhasan and Grey, 2017). The joint-
forming surfaces of each bone are covered by a thin layer of hyaline cartilage, providing an extremely smooth surface
for protection of the underlying bone from damage (Buckwalter, 2002). Between the femur and tibia is a figure-eight-
shaped layer of tough, rubbery fibrocartilage known as the meniscus (Ha et al., 2010; Makris et al., 2011). It acts as a
shock absorber inside the knee to prevent the collision of the leg bones during strenuous activities such as running and
jumping (Ha, Shim, Kim, Lee, Ra and Kim, 2010; Makris, Hadidi and Athanasiou, 2011).

The knee is stabilized by both primary and secondary stabilizers. Primary stabilization is achieved through ligaments,
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Fig. 1 Anatomy of knee joint: ACL: anterior cruciate ligament; PCL: posterior cruciate ligament; LCL: Lateral collateral
ligament; MCL: medial collateral ligament; CAPm, CAPl, CAPo and CAPa: medial, lateral, oblique popliteal and
arcuate popliteal bundles of posterior capsule; ALS: anterolateral structure; PFL: popliteofibular ligament.

while muscles around the knee joint play a secondary role, although both work congruently to support the knee function
(Abulhasan and Grey, 2017). Ligaments are fibrous bands of tissue that connect one bone to the other to provide support
to joints. The knee is reinforced by two collateral ligaments on the medial and lateral sides, as well as two stronger
ligaments known as the cruciate ligaments which prevent excessive anterior, posterior, varus, and valgus displacement
of the tibia in relation to the femur. The patellar ligament is the inferior continuation of the quadriceps femoris tendon,
and attaches proximally to the apex of the patella and distally to the tibial tuberosity. Other ligaments also act as knee
stabilizers: the transverse, arcuate popliteal, oblique popliteal, anterior cruciate ligament (ACL), posterior cruciate
ligament (PCL), medial collateral ligament (MCL), lateral collateral ligament (LCL), and popliteofibular ligament
(Gollehon et al., 1987; LaPrade and Wentorf, 2002). Additional ligaments surround the knee joint to maintain overall
knee stability, including the capsular ligament, anterolateral ligament, arcuate ligament, and posterior oblique ligament
(Fig.1). All provide stability in a specific direction and play an important role in joint proprioception through their
cutaneous receptors.
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Fig. 2 Diagram showing movements of the knee with six degrees of freedom.
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The secondary stabilizers of the knee consist of the muscles surrounding the knee joint along with the hip and
gastrocnemius muscles (Fig. 1). Although their primary function is to produce motion in six degrees of freedom, they
also interact with the neuromuscular system to control knee motion, and hence play a vital role in knee proprioception.
The majority of the muscles are monoarticular and act to primarily mobilize and secondarily stabilize the knee. Some
muscles have dual actions at both the knee and hip.

2. Type of knee arthroplasty

Many types of prosthesis have been used for knee arthroplasty. The evolution of knee arthroplasty involves repeated
cycles of failure and development for almost 40 years (Song et al., 2013). During the early stages from 1970 to 1974,
instruments of the unicondylar, duocondylar, or hinged types were used, but these were eventually abandoned due to low
success rates. A total condylar type replacement was then successfully developed and became the typical model for total
knee arthroplasty (TKA) (Fig.3). Recently, unicompartment knee arthroplasty (UKA) has led to good post-operative
outcomes in selected patients, and arthroplasty of constrained or hinged types have been reported as useful treatments
for revision surgery or combined surgery, respectively (Fig.3).
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Fig. 3 Various types of TKA and UKA: (a) Fixed CR-TKA; (b) Fixed PS-TKA; (c) Mobile-bearing TKA; (d) Fixed UKA;
(e) Mobile-bearing UKA

Osteoarthritis (OA) of the knee is a growing epidemic, which is affecting increasingly younger patients (Riddle et
al., 2008). It usually affects the medial compartment of the TF articulation followed by the lateral compartment (Carr et
al., 1993; Keyes et al., 1992). UKA has emerged in recent years as the most favored of the surgical treatments available
for treating unicompartmental arthritis of the knee in elderly patients. The rate of UKA is growing three times faster than
that of TKA (Riddle, Jiranek and McGlynn, 2008). Excellent and dependable clinical outcomes in the first decade of its
use have encouraged surgeons to expand the indication for UKA to younger and more active patients (Vince and Cyran,
2004). The advantages of the UKA include a smaller incision, less blood loss (Jeer et al., 2005), greater range of motion
(ROM) (Laurencin et al., 1991), faster recovery (Foote et al., 2010), lower perioperative morbidity (Furnes et al., 2007),
preservation of normal kinematics (Patil et al., 2005) and lower overall costs (Price and Svard, 2011). Furthermore,
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conversion of a failed UKA to TKA is not as complicated as a revision TKA due to the preservation of bone stock and
ligaments (Johnson et al., 2007). However, TKA is the gold standard for treating symptomatic, late-stage knee
osteoarthritis OA.

Surgical techniques and implant designs have improved over the years, as evidenced by excellent survival rates and
long-term results (Jones et al., 2007), but patients’ satisfaction after TKA is still no more than 75% (Noble et al., 2006;
Noble et al., 2005). The demand for TKA rises as the weight of the average patient increases; moreover, a greater number
of patients over 65 years old play sport and expect a better outcome than in previous years (Mont et al., 2008). Finally,
the increasing demand from Asia must be considered. Design evolution in TKA must satisfy these new necessities:
anatomic congruence; articolarity; less material wear and better resistance to the stresses of increased patient weight; and
cost reduction.

Many types of prostheses are now widely used for TKA. However, debate still exists regarding the most appropriate
prostheses for individual surgeons and particular patients. The advantages and disadvantages of each type of interposition
knee arthroplasty were compared in this paper.

Removal of the ACL is required for all knee arthroplasties, but retention of the PCL depends on the type of
arthroplasty. TKA designs are equally divided between PCL preservation (CR) and PCL scarifying (PS) (Fig.3). Many
studies have compared the results achieved with these techniques, without a definite advantage of one over the other.
Many studies prefer CR TKA (Andriacchi and Galante, 1988; Dorr et al., 1988; Ishii et al., 1998; Martelli et al., 1998),
showing that retention of the PCL guarantees extensor apparatus strength, improves conservation of proprioception,
improves bone stock preservation with a smaller fracture risk and allows revision surgery more easily. Other authors do
not prefer one design over the other as they find similar results and characteristics (Becker et al., 1991; Bolanos et al.,
1998; Dejour et al., 1999). Still, some others prefer the PS design (Freeman and Railton, 1988; Worland et al., 1997).
However, the femoral resection required to make a femoral housing can become a problem for smaller knees. From a
biomechanical perspective, neither PCL preservation nor substitution designs can totally replace the biomechanics of the
normal knee joint (Song, Seon, Moon and Ji-Hyoun, 2013).

Traditional fixed bearing knee arthroplasties have produced good post-operative results at 10-15 years.
Unfortunately, problems associated with polyethylene (PE) wear can occur in the long-term, especially in young patients.
Therefore, two different fundamental design concepts are available on UKAs and TKAs: fixed-bearing and mobile-
bearing (MB) knee prostheses (Worland, Jessup and Johnson, 1997). MB design provides the potential advantages of a
congruent bearing with lower contact stresses and polyethylene wear rates (Sathasivam et al., 2001). However, the mobile
bearing provides advantages compared to fixed bearing in the short term. The long-term results in a high number of
implants remain to be verified (Dall'Oca et al., 2017).

Patients may experience suboptimal functional outcomes in TKA, with a previous study reporting that <25% of
patients were satisfied with their ability to squat or kneel (Song, Seon, Moon and Ji-Hyoun, 2013). This dissatisfaction
may be explained by the abnormal kinematics affecting the muscle movement arms and proprioceptive instability with
removal of the ACL in TKA. The ACL contributes to the “screw-home” mechanism which is associated with anterior
location of the femur on the tibia near full extension, while the PCL drives posterior femoral rollback in high flexion
(Rong and Wang, 1987; Shelburne et al., 2004). In recent times, efforts to restore native knee function following TKA
aim to retain both ACL and PCL

Fig. 4 Shape of a distal cut to fit a conventional femoral component.

through the use of bi-cruciate-retaining (BCR) TKA. Many studies reported that the preservation of both cruciate
ligaments in TKA restores more normal knee kinematics (Banks et al., 1997; Koh et al., 2017; Moro-oka et al., 2007;
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Stiehl et al., 2000).

In a traditional knee joint arthroplasty, bones are uniformly prepared for implant component fit, resulting in a
“squared-off” bone end that lacks the roundness of the natural periarticular osseous anatomy (Harrysson et al., 2007)
(Fig. 4). This bone contouring can have an effect on weight distribution and can lead to the “corners” of the bone—implant
interface taking on a disproportionate amount of stress, resulting in harmful bone remodeling and eventual loosening of
the implant (Harrysson, Hosni and Nayfeh, 2007). There has been increased attention paid to patient-specific implants in
an attempt to increase implant durability, while maintaining or decreasing associated implant costs (Schwarzkopf et al.,
2015). Patient-specific implants utilize magnetic resonance imaging (MRI) or computed tomography (CT) scans to create
an alignment guide for each component of the implant that is specific to a patient’s unique anatomy (Schwarzkopf,
Brodsky, Garcia and Gomoll, 2015). This improves implant fit and load distribution while minimizing the inefficiency
and cost associated with sizing implants in the operating room (Harrysson, Hosni and Nayfeh, 2007). In addition, such
an improvement in implant design through customized TK A provides normal knee kinematics and function (Zeller et al.,
2017) (Fig.3).

3. Motivation and search of computational biomechanics of knee arthroplasty

Traditionally, there have been two reasons for performing computational modelling on knee arthroplasty: to gain a
fundamental understanding of the behavior of the bone—implant system or of a specific device, and to assist with the
design and pre-clinical testing of new implants in order to compare their performance with existing designs. A third
application is emerging, as a decision support tool for planning of orthopedic surgery. The techniques for computer-
assisted surgery and customized patient instrumentation are growing and computational modelling has the potential to
further improve the planning process by providing additional information about function and the potential risk of failure
on a patient-by-patient basis. The main focus of this review will be knee replacement, as these have been most frequently
studied, but the issues raised may be applicable to the simulation of all orthopedic devices. Studies related to the
computational study of knee arthroplasty were reviewed in a meta-analysis by searching online databases (ISI Web of
Knowledge, PubMed). The purpose was to identify the English-language published studies. The search was also
expanded by reviewing the references of papers in order to capture all relevant data. Content experts also provided a list
of relevant papers. Those irrelevant to knee arthroplasty or reported biomechanical effects irrelevant to clinical and
cadaver studies were excluded.

4. Development of computational model

Computational models can be divided into two different types. One is a simulated model using a knee implant, and
the other is modeling a subject or patient. To model a patient, medical imaging such as CT or MRI is required. Three-
dimensional reconstruction is then performed to develop the computational model.

Subject- or patient-specific musculoskeletal (MSK) models can be divided into multi body dynamic (MBD) and
finite element (FE) models (Fig.5). Recently, many MBD software packages have been introduced to model the MSK
system. The lower extremity MSK models, after experimental validation, have been used widely to simulate both joint
loading and muscular actions. The majority of these dynamic models are developed based on the assumption of rigid
bodies, with no deformation involved, to determine joint loading. FE models are subsequently employed to estimate the
contact stresses, with detailed joint components using the load and motion profiles determined from the MBD model.
Thus, an ideal computational model should combine an musculoskeletal MSK model to predict muscle forces together
with a deformable contact model which also considers the implant surface geometry to predict contact mechanics (Chen
et al., 2014). However, such three-dimensional multi-body knee models examined in previous studies have revealed
computational challenges (Bei and Fregly, 2004). The majority of previous MSK models have assumed an idealized
revolute knee joint and constrained the thigh and lower leg as a convenience in inverse dynamics analysis. The majority
of reported TKA models have also neglected the influence of ligaments and muscles on contact forces and the elastic
contact in joint mechanic analysis.

FE simulation can be divided into implicit and explicit analyses. Implicit FE analysis is most commonly used,
however in the past decade there has been increasing application of explicit FE analyses (Fitzpatrick et al., 2011a;
Fitzpatrick et al., 2010; Godest et al., 2002; Halloran et al., 2005; Knight et al., 2007). For quasistatic analyses, the
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implicit analysis is recommended; however, for dynamic analyses, problems involving large sliding contacts or very large
models the explicit analysis is recommended.
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Fig. 5 Schematic of a subject-specific musculoskeletal model and finite element model

Three dimensional models developed from CT or MRI are widely used to analyze the morphology of the human
body in order to obtain fundamental data for implant design. The sizes and shapes of implants also play important roles,
because prostheses that match patient morphotypes provide better fixation and initial stability (Incavo et al., 1994;
Westrich et al.,, 1995). There has been some disagreement over how the knee joints of men and women differ
morphologically and whether gender-specific prostheses are required (Barrett, 2006; Conley et al., 2007; Greene, 2007).
Those who contend that gender differences exist and defend the need for a female-specific prosthesis have reported
morphologic differences between men and women (Hitt et al., 2003; Lingard et al., 2004; Mahfouz et al., 2007; Merchant
et al., 2008). Morphological measurements have shown that female knee joints have anterior condyles that are less
prominent and more diamond-shaped. Furthermore, women with the same anteroposterior (AP) length have been reported
to have a narrower mediolateral (ML) width than men (Conley, Rosenberg and Crowninshield, 2007). Given these results,
some have maintained that gender-specific prostheses are needed. In addition to gender differences, anatomical
differences have been identified between different ethnic groups. Most prostheses have been designed to match the
morphotypes of western populations, and thus Asians, who tend to have smaller morphotypes, are sometimes fitted with
implants that are larger than required (Clarke and Hentz, 2008; MacDonald et al., 2008) (Fig. 6).

Underhang

Fig. 6 Schematic of unmatched implants with the femur.
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Recently, a three-dimensional morphology study showed a gender difference for femoral posterior condylar offset and
condylar height for the femoral trochlea in the Korean population (Koh et al., 2019b; Koh et al., 2019c¢). This study
provides guidelines for the design of a suitable femoral component for TKA considering gender-specific differences in
the Korean population (Koh, Nam, Chung, Kim, Chun and Kang, 2019b; Koh, Nam, Chung, Lee, Kim, Kim and Kang,
2019c¢).

5. Application of computational simulation in knee arthroplasty design

Computational simulation has been widely used in knee arthroplasty. In general, femoral component of TKA or
UKA is made of cobalt chromium alloy (CoCr), and tibial insert is made of ultrahigh-molecular-weight polyethylene
(UHMWPE), and tibial component is made of titanium alloy (Ti-6Al-4V). Young’s modulus (£) and Poisson’s ratio (v)
were as follows: £ =220 GPa and v= 0.3 (CoCr); E = 110 GPa; and v = 0.3 (Ti-6Al-4V) (Kang et al., 2018a, Kang et al.,
2019a). However, different material properties are applied depending on conventional or cross-linked in UHMWPE. The
material properties are as follows: E = 463 MPa and v = 0.46 (Conventional); £ = 673 MPa v = 0.46 (Cross-linked)
(Abdelgaied et al., 2014, Godest et al., 2002).

In the past, computational simulation was only used to evaluate design characteristics of implants under static
conditions (Morra and Greenwald, 2003; Morra and Greenwald, 2005; Sathasivam and Walker, 1998). Such studies
mainly evaluated contact stress with respect to different flexion angles, and design of the femoral component and tibial
insert. This static analysis was widely used, in particular post-cam mechanism analysis in PS TKA (Huang et al., 2006;
Huang et al., 2007; Watanabe et al., 2017). Watanabe et al. showed that a rounded post-cam design provided less stress
concentration during flexion with rotation and at hyperextension compared with a squared design (Watanabe, Koga,
Horie, Katagiri, Sekiya and Muneta, 2017). These results are useful for the development of implant designs and prediction
of the contact stress on the tibial post in PS TKA (Watanabe, Koga, Horie, Katagiri, Sekiya and Muneta, 2017). Godest
et al. described an explicit finite element approach to simulate both the kinematics and the internal stresses within a single
analysis (Godest, Beaugonin, Haug, Taylor and Gregson, 2002). A simulation of TKA subjected to a single gait cycle
within a knee wear simulator was performed and the results were compared with experimental data. They showed that
an explicit finite element approach is capable of predicting the kinematics and the stresses within a single analysis at
relatively low computational cost. This type of dynamic explicit FE analysis has been under development (Fitzpatrick,
Baldwin, Ali, Laz and Rullkoetter, 2011a; Fitzpatrick, Baldwin and Rullkoetter, 2010; Godest, Beaugonin, Haug, Taylor
and Gregson, 2002; Halloran, Petrella and Rullkoetter, 2005; Knight, Pal, Coleman, Bronson, Haider, Levine, Taylor and
Rullkoetter, 2007). Ardestani et al. evaluated the underlying relationships between implant geometry as input and its
performance metrics as output using dynamic simulation (Ardestani et al., 2015a). They highlighted how changes in the
conformity of the femoral and tibial can impact the performance metrics. In addition, they studied combined FE
simulation and principal component analysis (PCA) to evaluate the reliability and sensitivity of two PS designs versus
two CR designs over a patient population (Ardestani et al., 2015b). Results showed that: (1) conformity directly affected
the reliability of the knee implant over a patient population, such that lesser conformity designs had higher kinematic
variability and were more influenced by AP force and IE torque; (2) contact reliability did not differ remarkably among
different designs; and (3) the choice of CR or PS design affected the critical factors that influenced the reliability of each
design.

Knight et al. developed this dynamic simulation further and studied an adaptive FE method capable of simulating
the wear of a PE tibial insert in order to compare predicted kinematics, weight loss due to wear, and wear depth contours
with results from a force-controlled experimental knee simulator (Knight, Pal, Coleman, Bronson, Haider, Levine, Taylor
and Rullkoetter, 2007). Finite element-based computational wear predictions were performed to 5 million gait cycles
using both force- and displacement-controlled inputs. They showed that the force-controlled inputs provided an
evaluation of the overall numerical method by simultaneously predicting both kinematics and wear. Analysis of the
predicted wear convergence behavior indicated that 10 iterations, each representing 500,000 gait cycles, were required
to achieve numerical accuracy. Using a wear factor estimated from the literature, the predicted kinematics, polyethylene
wear contours, and weight loss were in reasonable agreement with the experimental data, particularly for the stance phase
of gait. Although further development of the simplified wear theory is important, the initial predictions are encouraging
for future use in design phase implant evaluation.

Knight et al. used simple a simple model based on Archard’s law to evaluate wear in TKA, and many others have
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begun to study this computational wear simulation. Archard introduced an equation for evaluating the linear wear depth
perpendicular to the wear surface between two metal surfaces sliding relative to each other. The following equation is
known as Archard’s wear law:

H = Kwp$S 1)

where H is the linear wear depth, Kw is an experimentally determined wear factor, p is the contact pressure, and S is the
sliding distance. Netter et al. examined two design rationales for UKA: fully congruent mobile bearings, and moderately
conforming fixed bearings, using experimental and computational wear simulation (Flores-Hernandez et al., 2015; Netter
et al., 2015). Their study showed that increasing conformity may not be the sole predictor of wear performance, and that
a highly crosslinked fixed-bearing PE insert can also provide high wear performance (Flores-Hernandez, Netter, Hermida,
Steklov, Kester and D. D'Lima, 2015; Netter, Hermida, D’ Alessio, Kester and D’Lima, 2015). Kang et al. evaluated the
weight loss, wear depth, and kinematics for different surface properties, including nanostructured diamond (NSD),
diamond-like carbon (DLC), titanium-nitride (TiN), and oxidized zirconium (OxZr), on femoral components in TKA
using FE analysis under gait-cycle loading conditions (Kang et al., 2017c). Their study demonstrated the potential of
OxZr and TiN for reducing PE wear and offers new insights into the effects of wear on TKA (Kang, Son, Kim, Baek,
Kwon and Koh, 2017c).

TKA is a successful and durable surgical treatment (Koh et al., 2019¢). During the last several decades of TKA
developments, remarkable improvements have been made in implant and instrument design, and manufacturing processes
(Koh, Park, Lee, Nam, Lee and Kang, 2019¢). Wear of the PE tibial insert, in both fixed- and mobile-bearing TKA, is a
significant factor in its long-term performance (Schroer et al., 2013). Recent reviews have shown that PE wear accounts
for 10% to 18% of TKA revisions, while osteolysis accounts for less than 5% (Dalury et al., 2013; Koh, Park, Lee, Nam,
Lee and Kang, 2019e; Schroer, Berend, Lombardi, Barnes, Bolognesi, Berend, Ritter and Nunley, 2013). Computational
wear models have been used to evaluate damage caused by wear and creep and subsurface damage. These models
compare well to the observed PE damage (Fregly et al., 2005; Knight, Pal, Coleman, Bronson, Haider, Levine, Taylor
and Rullkoetter, 2007; Zhao et al., 2008).

Numerical modeling of wear testing reduces the costs associated with in-vitro testing and the destruction of
prototypes. However, only minor design optimization has been attempted for TKA design despite its great potential in
this field. Optimization of the bearing surfaces of a TKR in two dimensions has been performed, considering the frontal
and sagittal planes (Dargahi et al., 2003; Sathasivam and Walker, 1994). A limitation of these studies is that wear was
estimated only based on contact pressure, while recent work has shown that the contact pressure can be increased with
reduced wear rates (Essner et al., 2003). As well, the two-dimensional simplifications of these models required that no
axial rotation or torque could be applied. Willing and Kim performed shape optimization of the articular surfaces of the
TF joint of a right-leg TKA using a three-dimensional FE model. Their wear model takes sliding distance, contact area
and contact pressure into account, as well as three-dimensional transient loading based on wear testing standards (Willing
and Kim, 2008). In addition, they performed multiobjective design optimization (MOQ) using the adaptive weighted sum
(AWS) method in order to determine a set of pareto-optimal implant designs while simultaneously considering durability
and kinematics (Willing and Kim, 2012). They found that the competing relationship between durability and kinematics
was confirmed and quantified using optimization methods (Willing and Kim, 2012).

As previously mentioned, the aspects of knee arthroplasty of most interest are to preserve natural knee kinematics
and to expand the life span of the implant. Interest in patient-specific TKA has therefore been increasing. Dynamic
simulation methods can also be used in the design of patient-specific TKA. Koh et al. investigated the biomechanical
effect of three different TKA designs with respect to TF conformity in customized PS-TKAs (Koh et al., 2019f). The
articular geometry for the curvature of a tibial insert is derived from the femoral component in current patient-specific
TKA (Wang et al., 2018; White and Ranawat, 2016; Zeller, Sharma, Kurtz, Anderle and Komistek, 2017). However, Koh
et al.'s study indicated that changes in the TF articular surface conformity led to changes in contact mechanics, as well
as kinematic changes during a gait cycle. In addition, the change in conformity affected the post-cam engagement (Koh,
Son, Kwon, Kwon and Kang, 2019f). A tibial insert with an anatomical mimetic design did not exhibit the best wear
performance; however, an improvement in performance can be attained through optimization of the anatomical mimetic
design PSTKA TF articular surface conformity. The articular surface conformity should therefore be carefully selected
for a customized PS-TKA because it may affect the post-cam mechanism as well as wear performance (Koh, Son, Kwon,
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Kwon and Kang, 2019f). Koh et al. recently evaluated wear prediction with respect to TF conformity design in patient-
specific UKA under gait loading conditions by using a previously validated computational wear method (Koh et al.,
2019d). Their results indicated that increased conformity provided improvements in wear but resulted in limited
kinematics. Increased conformity should thus be avoided in fixed-bearing patient-specific UKA design. A flat or plateau
anatomy mimetic tibial insert design was recommended in patient-specific UKA (Koh, Park, Lee and Kang, 2019d).
The fundamental building block of any computational analysis is the model of the intact or implanted bone segment
or joint, including the assigned material properties and associated loading and boundary conditions. Assumptions made
at this level have consequences on the subsequent results, regardless of the complexity of the simulation. Since its first
use in the 1970s (Brekelmans et al., 1972). There has been remarkable improvement in the fidelity of FE models; however,
it is important to understand the state-of-the-art models and the limitations of current simulations (Taylor and Prendergast,
2015). In terms of model geometry and mesh, we have moved from idealized two-dimensional models to anatomical
subject-specific three-dimensional models, the latter now being used in the majority of cases (Vasu et al., 1982; Vasu et
al., 1986). Subject- or patient-specific modeling of the human body has had challenging problems in terms of validation.
If a subject- or patient-specific model was developed based on cadaveric data, it could be validated using its in vitro
results (Baldwin et al., 2009; Baldwin et al., 2012; Fitzpatrick et al., 2011c). If it was not based on a cadaver, there are
limitations in validation. For the initial computational model, it was assumed to be validated if a representative model
lay within the range of standard deviation in in-vitro cadaver experimental results (Kang et al., 2017b). Recently, as
subject- or patient-specific models are developed, they are validated by comparison with electromyography (EMG)
signals and muscle activity in musculoskeletal MBD, and medical imaging in FE models (Kang et al., 2017a; Kang et al.,
2015; Kang et al., 2017d; Kang et al., 2017e). The dynamic multibody rigid models are limited to the evaluation of stress
distribution in the knee joint. By contrast, deformable body FE models enable evaluation of the ligament forces and
contact stresses on the TF and PF joints, which are important for understanding the factors that may affect structural joint
deterioration (Akbarshahi et al., 2014; Carter et al., 2004). The available data on muscle forces in FE models are not
subject-specific, but they have been obtained from previous studies (Adouni and Shirazi-Adl, 2014; Kiapour et al., 2014)
Studies using a validated FE model that includes all major ligaments and soft tissues for comparing subject-specific
muscle forces have seldom been reported. Recently, Kang et al. have introduced and validated a 12-degree of freedom
(DOF) (TF, 6 DOF; and PF, 6 DOF) MSK model of the knee suitable for force-dependent kinematic simulation under
gait and squat loading conditions, followed by validation using EMG sensors and muscle-force activation (Kang, Koh,
Son, Kim, Choi, Jung and Kim, 2017a). MSK models to apply the appropriate muscle force corresponding to the subject’s
FE model were then used for validation. Fitzpatrick et al. showed the effect of implant design on engagement dynamics
of the post-cam mechanism and resulting polyethylene stresses during dynamic activity using subject specific models
(Fitzpatrick et al., 2013). Their results showed that condylar geometry, in addition to post-cam geometry, played a
significant role in minimizing engagement velocity and forces and stresses in the post (Fitzpatrick, Clary, Cyr, Maletsky
and Rullkoetter, 2013). Koh et al. investigated the preservation of normal knee biomechanics by using specific articular
surface conformity in customized PS and CR-TKA (Koh et al., 2019a; Koh et al., 2018a; Koh et al., 2018b; Koh et al.,
2018c). In addition, Kang et al. compared the biomechanical effect between patient specific and standard off-the-shelf
prostheses for UKA (Kang et al., 2018k). Their results showed that patient-specific UKA provided mechanics close to
those of the normal knee joint. The decreased contact stress on the opposite compartment may reduce the overall risk of
progressive osteoarthritis (Kang, Son, Suh, Kwon, Kwon and Koh, 2018k). Studies on biomimetic TKA were also
conducted using an MBD model (Varadarajan et al., 2015a; Varadarajan et al., 2015b; Zumbrunn et al., 2018; Zumbrunn
et al., 2015). These studies demonstrated that the biomimetic-CR showed medial pivot motion, while other CR implants
showed abnormal motion including lateral or no pivot, and paradoxical anterior sliding during deep knee bend and chair-
sitting (Varadarajan, Zumbrunn, Rubash, Malchau, Li and Muratoglu, 2015a). In addition, restoring native knee geometry
with ACL preservation provided kinematic improvements over contemporary ACL-preserving and ACL-sacrificing
implants (Zumbrunn, Varadarajan, Rubash, Malchau, Li and Muratoglu, 2015). In other words, many studies stated that
prosthetic design with native knee anatomy is required to preserve native knee kinematics (Kang, Son, Suh, Kwon, Kwon
and Koh, 2018k; Koh, Lee, Chung and Kang, 2019a; Koh, Nam and Kang, 2018a; Koh, Son, Kwon, Kwon and Kang,
2018b; Koh, Son, Kwon, Kwon and Kang, 2018c; Varadarajan, Zumbrunn, Rubash, Malchau, Li and Muratoglu, 2015g;
Varadarajan, Zumbrunn, Rubash, Malchau, Muratoglu and Li, 2015b; Zumbrunn, Duffy, Rubash, Malchau, Muratoglu
and Varadarajan, 2018; Zumbrunn, Varadarajan, Rubash, Malchau, Li and Muratoglu, 2015). ACL-substituting implants
could be an effective surgical treatment capable of overcoming the limitations of contemporary TKA, especially in cases
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where retaining the native ACL is not feasible or is challenging.
6. Application of computational simulation in pre- or post-clinical evaluation

Computational simulation used for pre- or post-clinical evaluation must be based on bony structure and soft tissue
models. To evaluate bone, it can be modeled with actual material properties or with rigid body properties if there is no
interest in the bone itself. In this paper, computational simulation for clinical evaluation of UKA and TKA is examined.

For UKA, all tibial, bone and implants were modeled for clinical evaluation in initial studies (lesaka et al., 2002;
Inoue et al., 2016; Pegg et al., 2013; Simpson et al., 2009). After unicompartmental knee replacement, the most common
site for pain is antero-medial over the proximal tibia. The reason for this is not clear; however, it may be due to high bone
strain (Simpson, Price, Gulati, Murray and Gill, 2009). Previous studies have demonstrated that there was a significant
increase in strain, antero-medially on the proximal tibia, following implantation with a unicompartmental knee
replacement. This may be the cause of antero-medial pain. As the bone remodels over time this strain decreases, which
explains why the pain usually settles within 12 months after surgery. However, errors in implantation can result in strain
values that may lead to degenerative remodeling and/or increased micro-damage of the bone. This may explain why the
pain progressively worsens in some cases (Simpson, Price, Gulati, Murray and Gill, 2009). In addition, Inoue et al.
investigated the effects of the tibial inclination in the coronal plane on stresses developed in the proximal tibial condyle,
using the FE model with or without extended sagittal bone cuts of the posterior tibial cortex (Inoue, Akagi, Asada, Mori,
Zaima and Hashida, 2016). Their study showed that the risk of medial tibial condylar fractures increases with increasing
valgus inclination of the tibial component and with increased extension of the sagittal cut in the posterior tibial cortex
(Inoue, Akagi, Asada, Mori, Zaima and Hashida, 2016). However, recent studies have focused not only on stress or strain
on bone, but also looked at stress on soft tissue. Therefore, modeling not only of the femur, but also of cartilage and the
lateral meniscus became required (Innocenti et al., 2014; Innocenti et al., 2016; Kang et al., 2018f; Kang et al., 2019c;
Kang et al., 2018h; Kang et al., 2018i; Kang et al., 2018j; Kwon et al., 2014; Kwon et al., 2017; Park et al., 2019; Simpson,
Price, Gulati, Murray and Gill, 2009; Wen et al., 2017; Zhu et al., 2015).

These simulations can be divided into two types, static and dynamic. Innocenti el al. showed that even if a medial
UKA was well aligned with normal soft tissue tension and with correct thickness of the tibia component, it induced a
stiffness modification in the joint that altered the load distribution between the medial and lateral compartments. The
bone stress and ligament strain can potentially lead to an osteoarthritic progression under static loading conditions
(Innocenti, Bilgen, Labey, van Lenthe, Sloten and Catani, 2014). In addition, Kang et al. showed that the best position
for the femoral component in UKA could be the center of the distal femoral condyle under dynamic loading conditions
(Kang, Son, Koh, Kwon, Kwon, Lee and Park, 2018i). Femoral component position could be one of the important factors
that influence the contact stresses on the tibial insert and articular cartilage, hence the postoperative significance of the
femoral component position in UKA (Kang, Son, Koh, Kwon, Kwon, Lee and Park, 2018i).

Femoral Component Tibial Insert

Internal Neutral External Internal Neutral External

Fig. 7 Schematic of the varying configurations for the misalignment of components in left TKA.
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For TKA, as with UKA, there are two different methods of modeling; with the bone having appropriate material
properties or regarding it as a rigid body. Modeling with the bone having material properties has often been performed
in studies related to the tibia (Au et al., 2007; Kim et al., 2008; Perillo-Marcone and Taylor, 2007). Au et al. evaluated
the effects of material properties and three characteristics of loading conditions on the bone stress state for a prosthesis
similar to a commercially available model (Au, James Raso, Liggins and Amirfazli, 2007). Their results showed that
restoration of preoperative stress levels in the tibia and reduction of bone resorption requires careful consideration of the
effects of loading conditions such as load placement on the condylar surface, contact patterns, and bone or implant
condylar surface geometry. Material properties such as a stiff implant can also be beneficial in more distal regions of
bone in the design of TKA (Au, James Raso, Liggins and Amirfazli, 2007).

Many studies on misalignment of components have also used a rigid body bone model (Fig. 7). Such studies have
been performed in both FE and MBD models (Essner et al., 2011; Kang et al., 2018a; Kang et al., 2016; Kang et al.,
2017f; Kang et al., 2018b; Kang et al., 2018c; Kang et al., 2018e; Kang et al., 2019b; Kang et al., 2018g; Kuriyama et
al., 2014; Marra et al., 2018; Suh et al., 2017; Thompson et al., 2011). Investigations have included pre- or post-clinical
evaluation for translation and rotation in coronal and sagittal planes.

Internal-external misalignment of the femoral component was widely studied using MBD and FE models
(Thompson, Hast, Granger, Piazza and Siston, 2011). Thompson et al. found that femoral rotation had a greater effect on
quadriceps forces, collateral ligament forces, and varus/valgus kinematics, while tibial rotation affected anteroposterior
translations (Thompson, Hast, Granger, Piazza and Siston, 2011). Kang et al. found that forces on the MCL and the LCL
increased in internal and external femoral malrotations, respectively (Kang, Koh, Son, Kwon, Baek, Jung and Park, 2016).

Many studies related to the biomechanical effect were performed in terms of anterior-posterior misalignment in
femoral component (Kang, Koh, Son, Kwon, Lee and Kwon, 2017f; Kang, Koh, Son, Kwon, Lee and Kwon, 2018c;
Kang, Kwon, Kwon, Lee and Koh, 2019b; Kang, Kwon, Son, Kwon, Lee and Koh, 2018g). Kang et al. found that contact
stress on the patellar button increased and decreased as posterior condylar offset moved between the anterior and posterior
directions, respectively. Higher quadriceps muscle and patellar tendon force are required as the posterior condylar offset
moved in the anterior direction with an equivalent flexion angle. The forces exerted on the PCL increased as posterior
condylar offset moved in the posterior direction (Kang, Koh, Son, Kwon, Lee and Kwon, 2018c). They found that change
in posterior condylar offset alternatively provided positive and negative biomechanical effects. They also found that
posterior condylar offset magnitude was influenced by a postoperative change in the kinematics in CR-TKA, although a
relatively smaller effect was observed in PS-TKA (Kang, Kwon, Kwon, Lee and Koh, 2019b). Surgeons should therefore
take care in changing the posterior condylar offset, especially for CR-TKA (Kang, Kwon, Kwon, Lee and Koh, 2019b).
Kang et al. also determined the extent of the impact of the femoral component’s sagittal alignment on kinematics and
biomechanics in terms of the sagittal plane of the femoral component (Kang, Koh, Son, Kwon and Park, 2018e). They
found that the femoral component sagittal position is an important factor in knee joint mechanics. The flexion of the
femoral component showed a stable reconstruction of the knee extensors’ mechanism. Surgeons may consider a neutral-
to-mild flexed femoral component position, without concerns of anterior notching of the femoral cortex.

Many studies have also examined misalignment of the tibial component (Kang, Kwon, Son, Kwon, Lee and Koh,
2018a; Kang et al., 2018d; Kang, Kwon, Son, Kwon, Lee and Koh, 2018g; Kuriyama, Ishikawa, Furu, Ito and Matsuda,
2014; Suh, Kang, Son, Kwon, Baek and Koh, 2017). Kuriyama et al. evaluated traction forces in the LCL and MCL with
a malrotated tibial component during squatting using computational simulation (Kuriyama, Ishikawa, Furu, Ito and
Matsuda, 2014). They also evaluated TF and PF contact forces and stresses under similar conditions. They found that
with internal rotation of the tibial component, the MCL force increased progressively; the LCL force also increased, but
only up to less than half of the MCL force values (Kuriyama, Ishikawa, Furu, 1to and Matsuda, 2014). A higher degree
of constraint of the tibial component was associated with greater femoral rotational movement and higher MCL forces
(Kuriyama, Ishikawa, Furu, Ito and Matsuda, 2014). The tibiofemoral and patellofemoral contact forces were not
influenced by malrotation of the tibial component, but the contact stresses increased because of decreased contact area
(Kuriyama, Ishikawa, Furu, Ito and Matsuda, 2014). In addition, there have been studies on misalignment of the tibial
component in the sagittal plane (Kang, Kwon, Son, Kwon, Lee and Koh, 2018a; Kang, Koh, Son, Kwon, Lee and Kwon,
2018b; Kang, Koh, Son, Kwon, Lee and Kwon, 2018d; Kuriyama, Ishikawa, Furu, Ito and Matsuda, 2014). Kang et al.
investigated the effect of the posterior tibial slope (PTS) on TF kinematics, PF contact stress, and forces on the quadriceps,
PCL and collateral ligament after cruciate-retaining TKA using computer simulations (Kang, Koh, Son, Kwon, Lee and
Kwon, 2018d). They found that the PTS increased medial and lateral movements without paradoxical motion. However,
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an excessive PTS indicated progressive loosening of the TF joint gap due to a reduction in collateral ligament tension
during flexion. They also discovered that tibial posterior translation and external rotation increased as the PTS increased
in both CR and PS-TKAs. There was no remarkable difference in external rotation between CR and PS-TKAs. However,
for the mobile-bearing TKA, PTS had less effect on the kinematics. Based on their computational simulation, PTS is the
critical factor that influences kinematics in TKA, particularly in the CR-TKA. The surgeon should therefore take care in
choosing the PTS in CR-TKAs. Marra et al. investigated the effect of tibial slope on knee laxity, kinematics and forces
in squatting activity using computer simulation (Marra, Strzelczak, Heesterbeek, van de Groes, Janssen, Koopman,
Wymenga and Verdonschot, 2018). They hypothesized that the effects depend on the referencing technique. They found
that changes in posterior tibial slope have effects on knee laxity, kinematics and forces. A greater posterior tibial slope
with the anterior tibial cortex technique increases the knee laxity in flexion, but also, unexpectedly, in extension. A
greater posterior slope with the center of tibial plateau technique leaves the knee laxity almost uninfluenced, is beneficial
for the knee extensor apparatus and relieves the pressure on the PF joint. The tibial resection should therefore be pre-
planned and executed as accurately as possible using the center of tibial plateau technique.

Computational studies have been performed in the field on aspects other than misalignment of components
(Fitzpatrick et al., 2016; Kang et al., 2019a; Nakamura et al., 2017). Nakamura et al. investigated the kinematics, contact
forces and stress, and bone strain in kinematically aligned (KA) and mechanically aligned (MA) TKA using
computational simulation (Nakamura, Tian, Tanaka, Kuriyama, Ito, Furu and Matsuda, 2017). They found near-normal
kinematics in KA-TKA. However, KA-TKA increased the contact force, stress and bone strain on the medial side for
moderate and severe varus knee models. The application of KA-TKA for severe varus knees could be inappropriate
(Nakamura, Tian, Tanaka, Kuriyama, Ito, Furu and Matsuda, 2017). Fitzpatrick et al. examined whether a surrogate
model allows micromotion prediction over the entire bone—implant interface and evaluated the effectiveness of a leave-
one-out (LOOQ) approach (Fitzpatrick et al., 2014). They showed that surrogate models have significant potential to
rapidly predict micromotion over the entire bone—implant interface, allowing greater range in loading conditions to be
explored than is possible through conventional methods. Berahmani et al. also studied how these simplifications affect
micromotions at the bone-implant interface of an uncemented femoral component (Berahmani et al., 2016). They
suggested that a simplified peak force can be used to assess the stability of cementless femoral components. Abo-Alhol
et al. looked at the effect of component design based on PF mechanics during a kneeling activity (Abo-Alhol et al., 2014).
They showed that the anatomic patella design demonstrated increased strains inferiorly, while the dome and medialized
dome showed increases centrally. An understanding of the effect of implant design on patellar mechanics during kneeling
may provide guidance to component designs that reduces knee pain and patellar fracture during kneeling (Fitzpatrick,
Hemelaar and Taylor, 2014). Such computational studies provide guidelines for possible pre- and post-operative problems
that may occur in orthopedic surgery.

7. Discussion & Conclusions

In this review paper we have summarized how computational biomechanics are used in knee arthroplasty design
and pre- or post-clinical evaluation. Engineers who design implants have a range of sophisticated modelling tools capable
of replicating a variety of mechanical and biological processes in order to assess the mechanical behavior and
performance of orthopedic devices.

Computational study improves knee arthroplasty through preclinical design optimization and by advancing insight
into the knee biomechanics (Rullkoetter et al., 2017). Validated models can be used to evaluate many design variabilities
without manufacturing physical prototypes (Rullkoetter, Fitzpatrick and Clary, 2017). The designer identifies the primary
features of a new implant, using the computing design parameters until an optimal combination is reached. Models also
provide insight into measures not easily obtained experimentally, such as contact mechanics, interface shear loading, or
muscle force requirements during a dynamic activity (Rullkoetter, Fitzpatrick and Clary, 2017). Previous work has shown
the role of computational analysis in deciphering the complex interplay between component positioning of the implanted
TKA and the kinetics of soft-tissue structures (Clement and Deehan, 2018).

However, our current ability to apply these techniques to their full potential is limited until some challenges are
overcome. The development of subject-specific computational models and their application are well established in the
literature. Modelling approaches are now available that are subject-specific and have the potential to account for inter-
subject variability, ranging from a single bone or joint through to population-based modelling. As with all computational
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studies, the type of analysis and approach used will be dependent on the question being asked. A single representative
subject-specific model can have advantages. They can be used to sweep through multiple design parameters in order to
provide a relative ranking of performance. They are suitable for detecting large differences in performance, which are
likely to occur independently of bone morphology or properties. The limitation of a single subject-specific model is the
inability to consider variations of morphology and bone properties when evaluating designs. Caution should be exercised
in placing too much significance on slight differences predicted using a single model, because these may well be lost or
become insignificant when anatomical variation is included. When attempting to differentiate differences between
implant designs or robustness, there is a need to account for patient variation in terms of morphology, bone properties
and loading and boundary conditions.

Modelling of small groups in terms of bone segments or joints has been shown to be useful in comparing the
performance of surgical variability (Huang, Liau, Huang and Cheng, 2006; Watanabe, Koga, Horie, Katagiri, Sekiya and
Muneta, 2017), and this has certainly become easier in the preprocessing software. These studies have the advantage that
they begin to evaluate the influence of bone morphology, and variation in bone properties and the applied
loading/boundary conditions. Because there are multiple samples, it is possible to perform statistical analysis to
investigate whether observed differences are significant. There are limitations, however; it is difficult to assess effectively
whether the changes in geometry across an implant size range potentially have an impact on performance, because there
may not be sufficient samples for each implant size to have meaningful statistical power. When considering the time
needed to perform simulations, the model generation process can be a significant proportion of the overall simulation
process. We should, therefore, aim to exploit each generated model. In addition, the usefulness of these studies could be
further extended by parametrically or probabilistically varying the bone properties and loading/boundary conditions.

The major advance in computational model has been the improvements in study design through the implementation
of statistical methods, especially for probabilistic analyses (Laz and Browne, 2010). There are challenges in developing
and implementing them particularly if patient variability and implant positioning are considered. However, simpler
studies can be performed which can yield useful information about the behavior of the bone—implant. Computational
modelling is often found as a quick and easy alternative to in vitro testing, but in reality, there is usually significant time
needed to develop a model. If this model is then used only once, it is not being used to its full potential.

To account for patient variability, the application of statistical shape and intensity models are being developed
(Fitzpatrick et al., 2011b; Smoger et al., 2015; Smoger et al., 2017; Taylor et al., 2013). These models have the potential
to generate thousands of representative models based on a much smaller training data set. Combined with the automatic
prosthetic implantation process, statistical shape and intensity models provides powerful technique for assessing the next
generation of implant designs and pre- or post-clinical evaluation (Taylor, Bryan and Galloway, 2013).

Modeling of knee arthroplasty has progressed significantly over the last decade. A model is available to evaluate
implant stability and mobility characteristics, enabling rapid evaluation of design concepts. Primary limitations currently
include an oversimplified passive soft-tissue representation and a lack of data from the post-operative balance condition.
The increased use of intraoperative sensors may provide supporting in vivo data and establish balancing targets (D'Lima
and Colwell, 2017). These models should facilitate an improved understanding of the relative contribution to stability
from passive constraint, implant design and alignment, and joint loading. Modeling will also be focused on an
understanding of the relationship between joint mechanics and patient function and satisfaction (Banks, 2017). This only
occurs through holistic collaborative studies including clinical data, patient measurement, modeling, and retrieval
analysis. As implants are available that were created using preclinical computational prediction, it is now possible to
close the loop with clinical data in order to evaluate the quality and predictive power of the models used.

In the future, computational analysis will play a more important role in understanding the behavior of knee
arthroplasty. Through improved study design and close corroboration with in vitro testing, we rely on simulations in the
development and pre-clinical testing of devices. There are challenges to the use of computational models as part of a
decision process for planning orthopedic surgery, but advances in model generation techniques and solution
methodologies may lead to the increased use of this technology in future. This paper presents current modeling
capabilities for implant design and stability, with further suggestions for how an implant might perform throughout the
population. However, simulations must include closely corroborated multi-domain analysis that account for real-life
variability.
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The following abbreviations are used in this manuscript.

ACL: Anterior cruciate ligament; AP: Anteroposterior; BCR: Bi-cruciate-retaining; BFLH: Biceps femoris long head;
BFSH: Biceps femoris short head; CR: PCL preservation; CoCr: Cobalt Chromium Alloy; CT: Computed tomography;
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lateral; KA: Kinematically aligned; LCL: Lateral collateral ligament; LPFL: Lateral patello femoral ligament; MA:
Mechanically aligned; MBD: Multi body dynamic; MCL: Medial collateral ligament; ML: Mediolateral; MPFL: Medial
patellofemoral ligament; MRI: Magnetic resonance imaging; MSK: Musculoskeletal; NSD: Nanostructured diamond; OA:
Osteoarthritis; OxZr: Oxidized zirconium; PCA: Principal component analysis; PCL: Posterior cruciate ligament; PE:
Polyethlene; PF: Patellofemoral; PS: PCL scarifying; PT: Patellar tendon; PTS: Posterior tibial slope; RF: Rectus femoris;
ROM: Range of motion; SM: Semimembranous; ST: Semitendinosus; SR: Sartorius; TF: Tibiofemoral; Tin: Titanium-
nitride; Ti-6Al-4V: titanium alloy; TKA: Total knee arthroplsty; VI: Vastus intermidus; VL: Vastus lateralis; VM: Vastus
medialis; UHMWPE: Ultrahigh-Molecular-Weight Polyethylene; UKA: Unicompartment knee arthroplasty.
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