
Medical Engineering and Physics 74 (2019) 1–12 

Contents lists available at ScienceDirect 

Medical Engineering and Physics 

journal homepage: www.elsevier.com/locate/medengphy 

Finite element models of the tibiofemoral joint: A review of validation 

approaches and modelling challenges 

Robert J. Cooper ∗, Ruth K. Wilcox , Alison C. Jones 

School of Mechanical Engineering, Institute of Medical and Biological Engineering, University of Leeds, Leeds LS2 9JT, UK 

a r t i c l e i n f o 

Article history: 

Received 25 October 2018 

Revised 5 August 2019 

Accepted 21 August 2019 

Keywords: 

Finite element 

Computational model 

Knee 

Tibiofemoral 

Osteoarthritis 

Meniscus 

Cartilage 

Validation 

Ligaments 

Review 

a b s t r a c t 

The knee joint is a complex mechanical system, and computational modelling can provide vital infor- 

mation for the prediction of disease progression and of the potential for therapeutic interventions. This 

review provides an overview of the challenges involved in developing finite element models of the 

tibiofemoral joint, including the representation of appropriate geometry and material properties, loads 

and motions, and establishing pertinent outputs. The importance of validation for computational mod- 

els in biomechanics has been highlighted by a number of papers, and finite element models of the 

tibiofemoral joint are a particular area in which validation can be challenging, due to the complex na- 

ture of the knee joint, its geometry and its constituent tissue properties. A variety of study designs have 

emerged to tackle these challenges, and these can be categorised into several different types. The role of 

validation, and the strategies adopted by these different study types, are discussed. Models representing 

trends and sensitivities often utilise generic representations of the knee and provide conclusions with 

relevance to general populations, usually without explicit validation. Models representing in vitro speci- 

mens or in vivo subjects can, to varying extents, be more explicitly validated, and their conclusions are 

more subject-specific. The potential for these approaches to examine the effects of patient variation is 

explored, which could lead to future applications in defining how treatments may be stratified for sub- 

groups of patients. 

© 2019 The Authors. Published by Elsevier Ltd on behalf of IPEM. 

This is an open access article under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

The knee is the articulating joint most commonly affected by

steoarthritis [1] , and there are still major challenges to over-

ome in the development of lasting treatments. There is now an

ncreasing effort to develop early stage interventions to prevent

nee degeneration and delay the need for joint replacement

urgery. This includes regenerative therapies for cartilage and

one [2] , as well as repairs for the meniscus [3] and ligaments

4] . Development of such tissue-sparing interventions requires an

nderstanding of the mechanical environment of the knee, ne-

essitating improved pre-clinical testing methods such as in vitro

imulation [5] . Experimental methods can provide a controlled

nvironment for assessing joint mechanics, but are generally ex-

ensive and time-intensive when using large numbers of in vitro

pecimens or in vivo subjects, and are limited in the scenarios and

utputs that can practically be investigated. Computational models

herefore play an important role in non-invasively understanding

nee mechanics [6] ; they can provide information that would be
∗ Corresponding author. 
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ifficult or impossible to obtain from experimental studies and can

lso be utilised for sensitivity testing in order to assist the setup

f experimental models. 

Finite element (FE) modelling has been used extensively in

iomechanics, and a growing number of studies of the knee that

se FE methods are being reported. Examples include the investi-

ation of cartilage degeneration and osteochondral defects [7–9] ,

he influence of meniscus shape [10,11] and the biphasic response

f cartilage to loading [12] . Models have also been developed

o investigate stresses in the patellofemoral joint [13] , which is

eyond the scope of the present review. 

The computational investigation of the contact mechanics of

he tibiofemoral joint is particularly challenging because there are

ultiple contacts between tissues and complex articulating sur-

aces. Validation of knee models is therefore non-trivial, and de-

pite the large body of work, there has so far been only lim-

ted progress in translating the findings and tools of modelling

esearch into clinical practice. This may become a more common

im as modelling technology progresses. Because of the complexi-

ies in terms of the structures, material representations and forces

hat can be included in knee models, many studies currently aim

or increased understanding of the knee’s mechanical behaviour,
en access article under the CC BY license. 
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particularly in the context of disease scenarios where interventions

are becoming increasingly common. These investigations may oc-

cur on highly subject-specific models or more generic representa-

tions of the knee. 

Kazemi et al. [6] wrote an extensive review on advances in

computational mechanics in the human knee in 2013, and a more

general review on knee biomechanics was provided by Madeti et

al. [14] in 2015, but there has since been significant further work

produced, especially in the area of model validation. The purpose

of the present review is to provide an overview of the main pro-

cesses and current challenges in knee modelling, and then to focus

on examining validation strategies and the circumstances in which

validation can be omitted. Three particular categories of study are

identified: those representing trends and sensitivities, often using

generic models; and two types of more subject-specific models,

representing in vitro specimens and representing in vivo subjects.

This review is not intended to provide a comprehensive list of

papers utilising FE models to investigate the knee, but to focus

on the key challenges and the state of the art for validation when

these different study types are utilised. This includes highlight-

ing the importance of model reuse, verification, calibration and

context of use, as well as discussing good practices and potential

areas for future development . 

2. Processes and challenges for knee models 

The knee is a highly complex physical system and comprehen-

sive models remain elusive due to the sparsity of precise data on

knee tissue properties and limited understanding of the interac-

tions between them, as well as how these factors vary among dif-

ferent subjects. Therefore models of the knee may be generated by

considering a subset of the system, pragmatically chosen based on

a focused question that the model is designed to address. The fo-

cus of studies modelling the tibiofemoral joint in particular is often

on the behaviour of the cartilage, meniscus or ligaments ( Fig. 1 ). 

In addition to validation, which will be covered in detail in

Section 3 , there are several key challenges to address in order

to develop computational models of the tibiofemoral joint. These

include: 
Fig. 1. Diagram of some of the typical components commonly featured in compu- 

tational models of the tibiofemoral joint. 
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(1) The capture and representation of appropriate geometry and

material properties. 

(2) The representation of appropriate motions, loads and

constraints. 

(3) The establishment of relevant outputs and their levels of

uncertainty. 

.1. Inclusion of geometry and material properties 

.1.1. Geometry 

The level of detail required for the representation of the struc-

ures in the knee depends on the particular application of the

odel. For example, in a study focussed primarily on cartilage

esponse, it may be appropriate to use basic spring elements to

epresent ligaments, or even omit them completely for computa-

ional efficiency in which case their effect on the primary tissue of

nterest should be taken into account using kinematic constraints

7] . Thus there exists variation among models in the manner

f implementation and detail in the representation of different

tructures in the knee. There are several options for including

onstituent tissues (e.g. ligaments, meniscus), in knee models: 

• The tissues can be explicitly modelled, and output measures

taken (with detail driven by output precision/accuracy). 
• The tissues can be explicitly modelled, but perform a support-

ing role in the model (with detail driven by precision/accuracy

of their effect on the outputs of interest). 
• The effect of the tissues can be wrapped into boundary condi-

tions and loads, with no geometry included (applies primarily

to ligaments). 

For tissues that are included with explicit geometric repre-

entation, geometry is usually incorporated by utilising medical

maging (CT or MRI) of cadaveric specimens, volunteers or patients

15–17] . Dependent on image resolution, this can provide an

pproximation of the native joint geometry, although it does not

rovide a true representation since there will be errors due to

mage resolution, imaging artefacts and simplifications inherent

n the segmentation process [18] , as well as smoothing applied

o specimen-specific models to ensure robustness of contact algo-

ithm solutions [19] . In some cases, multiple users may perform

egmentation to minimise variability [15] , with variation between

aired images required to be below a specified threshold [20] . 

Pena and colleagues provided some earlier instances of models

sing CT and MR imaging to include all of the main structures

f the knee, producing models featuring cartilage layers, menisci

nd ligaments, as well as rigid bone representations [21,22] . These

odels were used to analyse the effects of meniscectomy [22] , and

ater to investigate the combined role of menisci and ligaments in

oad transmission and knee joint stability [21] . Although only basic

alidation was provided in terms of comparisons to the kinematics

nd stresses reported by other studies using different subjects,

nd an idealised model was necessary to test mesh convergence,

hese studies nevertheless demonstrated the potential for subject-

pecific FE models to predict complex stress and strain patterns

nd kinematics occurring in knee joints. 

As an alternative to segmentation-based models, the geometry

or knee models can also be described mathematically [23–25] ,

educing computation and analysis time [26–28] . It has been

hown recently that trends predicted by idealised parametric

odels of joints based on mathematical geometric descriptors can

e similar to those seen in models based on image segmentation,

n both the knee and hip joints [10,29,30] . Thus simplified models

an provide reliable qualitative predictions of expected trends,

ith particular potential to identify the aspects on which to

ocus in more sophisticated models. However, quantitative data

rom idealised models may not match well with experimental
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redictions [10,31] . When a fully parametric geometric approach

s taken, levels of geometric complexity can be added depending

n the intended application. For example, the menisci play an

mportant role in knee stability and they are essential for both

oad transmission and joint lubrication [32] . Meniscus injury is

ssociated with osteoarthritis [33] , and meniscal pathology pro-

ides a key biomarker for osteoarthritis progression. Modelling the

ehaviour of the menisci can therefore potentially provide new

nsight into disease progression and a parametric approach can be

aken to investigate the effects of different meniscal geometries

11] . On the other hand, a study focused on forces occurring in

steochondral grafts during cartilage-on-cartilage contact may

nclude a more basic meniscal representation [8] . 

.1.2. Material properties 

In terms of material properties, a large amount is known

bout the internal structure and properties of the bone, articular

artilage, meniscus, and ligaments within the knee. Equally, there

xist theoretical models and numerical techniques that include

ollagen fibre alignment, hyperelastic behaviour, fluid contribution

nd multi-layered aspects of the knee as a mechanical system

12,15,34,35] . However, obtaining sufficiently detailed experimental

ata to calculate the many property values required for such

ophisticated representations is very challenging. Thus the mate-

ial property models within computational knee simulations are

ommonly set up based on a sensible choice of physics informed

y literature and not explicitly validated. There is great variability

n the properties used for each tissue, which may be taken from

xisting literature or be derived experimentally. Imaging can also

e used to obtain subject-specific material properties; for example

ocation-specific bone density is commonly derived using CT imag-

ng [36–38] , and one study [39] used sodium MRI to determine

xed charge density distributions in the tibial cartilage, although

his technology is limited by imaging resolution. 

Bone is often assumed to be rigid in knee models for compar-

tive studies where loading effects on cartilaginous soft tissues or

igaments are of particular interest [10,16] . A more complex bone

epresentation may be important for making subject-specific pre-

ictions of regions at risk of joint failure for particular specimens,

s bone stiffness can affect tibial cartilage stresses [36] . 

For representing cartilage, a linear elastic material model is

ommonly used, due to the equivalence between short-time bipha-

ic and incompressible elastic material responses demonstrated

y Ateshian et al. [40] . Depth-dependent material properties,

nhomogeneity of the cartilage and the biphasic response may

lso be relevant if the intended application is to better understand

onger-term cartilage mechanics [12,34,41] . Osteochondral defects,

onsisting of damage to both articular cartilage and the underlying

ubchondral bone, present a large clinical burden by altering

he local biomechanics and biotribology of the knee joint and

ausing joint pain [2] . Whilst imaging approaches can be used to

ssess cartilage deformation [42] , such methods do not provide

n effective means to analyse the contact force distribution on

he articulating surfaces. Inclusion of detailed cartilage layers

ithin FE models of the knee is therefore crucial for progressing

nderstanding of their degeneration. This may include multiscale

odelling of cartilage [43–45] . Freutel et al. [46] discussed the

hallenges of material models for soft tissues in greater detail, so

his will not be covered further here. 

.2. Inclusion of motions and loads 

This section is concerned with the challenge of ensuring knee

odels produce motions corresponding to an experimental sit-

ation of interest. This requires an understanding of the moving

arts within the knee and how they react to different motions
odifying the mechanical environment. Both computationally and

xperimentally, motions may be applied directly or they may re-

ult from applied loads when translational or rotational freedoms

re applied to the femur or tibia. The application of only loads

ithout any constraints on motion allows the model the most

reedom but could result in physiologically inaccurate movements.

ifferent modelling studies therefore approximate knee function

n different ways. Loads may be controlled and adjusted for sen-

itivity purposes [11] , or specific loads and boundary conditions

ay be chosen to ensure motions replicate experiments [47] . 

Specific in vivo motions can be difficult to derive; Stentz et al.

48] reported using CT bone models combined with a dynamic ra-

iostereometric analysis system to achieve non-invasive measure-

ents of joint kinematics. This approach to measuring knee move-

ent was validated against a gold standard skin marker method,

nd has potential clinical applications to prosthesis migration.

eriving in vivo knee forces for use in quasi-static FE models may

lso be achieved using multibody models [49,50] . Fully dynamic

E models may be necessary if the effects of inertia were thought

o be crucial, for example in a study of knee replacements [49] . 

Ligaments play a large role in both knee kinematics and

iomechanical load bearing [51] and their injury is associated

ith increases in pain, osteoarthritis and knee joint instability

33,52] . Ligaments are therefore a key factor which influence the

elationship between applied loads (or motions) and resulting

otions (or loads) in the knee. One of the principal clinical drivers

or the detailed modelling of ligaments in the knee is the analysis

f their repair after injury, particularly the anterior and posterior

ruciate ligaments (ACL and PCL), and FE models are increasingly

eing utilised to investigate ligament rupture and reconstruction

53–55] . Ali et al. [16] demonstrated that ACL resection can pro-

uce altered knee mechanics and motion by testing cadaveric knee

pecimens in an electro-hydraulic knee simulator with motor-

ctuated quadriceps and loads applied at the hip and ankle, in

ach case first with the ligament intact and then resected. FE mod-

ls developed to simulate these scenarios revealed that changes

esulting from ACL resection can manifest differently among dif-

erent specimens; one specimen exhibited altered anterior tibial

ranslation, whilst the other exhibited elevated joint loads. Since

ndividual differences exhibited most clearly when calibrated

igament properties were used, this suggests a subject-specific

igament modelling approach would be beneficial for a larger

tudy. This is supported by findings of Beidokhti et al. [15] , who

ound that including subject-specific derived ligament properties

n continuum modelled ligaments improved predictions of exper-

mental kinematics and contact pressures. Earlier models [19] also

ound that tuning ligament properties so that model kinematics

atched those found in a cadaveric specimen aided the validation

f model derived joint contact forces. More recently, it has been

uggested that additional peripheral soft tissues including knee

apsules as well as ligaments may alter predicted knee mechanics

56] . 

Another major challenge related to modelling knee motion is

nderstanding the role of the meniscus and analysing meniscal

ovement in response to loading. This may be crucial for mod-

lling the potential for damage progression in the knee. Meniscal

ranslation has previously been captured using MR imaging [57] ,

nd Halonen et al. [47] created a subject-specific FE model using

R images of a volunteer’s knee specifically to investigate menis-

us movements and cartilage strains. One particular issue with ac-

urately modelling the meniscus is incorporating meniscal attach-

ents. This aspect can be difficult to accurately capture within

odels due to the challenge of achieving precise segmentation

f attachment site geometry and establishing material models for

heir behaviour. The attachment sites can be particularly difficult

o identify in imaging, especially without prior ligament removal if
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using a cadaveric specimen, and may be virtually impossible to dis-

tinguish from other soft tissues if using CT imaging. Thus generic

spring elements with estimated properties and locations have been

used to represent meniscal attachments, which along with friction

serve to limit meniscal movement. Freutel et al. [58] segmented

medial meniscus geometry from MR images of porcine knee joints,

with meniscal displacements having previously been determined

experimentally. From this data, optimisation was used to deter-

mine subject-specific material properties of the meniscus and its

attachments, allowing the time-dependent behaviour of the menis-

cus and its attachments to be investigated. 

2.3. Input precision and establishing relevant outputs 

There are many different motivations for developing computa-

tional models of the knee, producing many distinctive approaches

to doing so. It is therefore important to consider the relevance of

model outputs assessed to the original aim of the study. In partic-

ular, when the ultimate aim is to use the models to predict disease

risk or assess the suitability of treatments in vivo, it is necessary

to consider the clinical relevance of outputs reported [59] . This

may include outputs to indicate risk of damage progression or to

assess intervention suitability. For example, meniscus movement

might be a crucial metric in a study of the progression of meniscal

tears [58] , whilst in a study of femoral osteochondral grafts it

may be pertinent to analyse tibial cartilage contact patterns to

understand the effects of graft recession or extrusion [8,60] . 

In the case of FE models used to examine mechanical re-

sponse in the knee, model outputs can be highly sensitive to the

chosen representation and condition of included tissues such as

the menisci and cartilage. Ambiguity in input values can result

in a wide range of reported values for outputs of interest. One

study [61] found that output uncertainty can be reduced when

specimen-specific data for certain input parameters is known,

including joint geometry such as meniscal insertion site positions,

kinematics and BMI to inform loading. Thus some uncertainty can

be reduced for specimen-specific models, although many inputs

may be difficult or impossible to obtain clinically. Furthermore, in

certain situations some parameters may be impossible to control

experimentally, and in this case they may be used as tuning

parameters for each knee-specific model. For example, an earlier

study by the same group [62] used the varus-valgus angle as

a tuning parameter and found similar regions of contact stress

between models and experimental work (in this case quantified

by normalised cross correlation values within 69 to 85%). 

Even when the uncertainty for output measures is minimised,

it remains crucial to establish exactly which outputs are of in-

terest for the particular focus of the model so that they can be

used to predict intervention response or disease progression.

The Osteoarthritis Initiative (OAI) [63] provides a database on the

natural history of osteoarthritis by making publically available

clinical evaluation data and imaging (X-ray and MRI) for nearly

50 0 0 subjects. One study [7] considering subjects from the OAI

database defined outputs specific to disease progression by split-

ting subjects into two groups based on osteoarthritis risk and BMI.

FE models of one representative subject from each group were

generated and collagen fibril damage was defined to occur when

tensile stresses exceeded a threshold limit during gait loading,

with control of degeneration based on the duration of loading in

different regions over successive iterations. In this way an algo-

rithm was presented to predict knee cartilage degeneration based

on accumulated excessive stresses in the medial tibiofemoral

compartment. Approaches like this may become more common

as modelling complexity increases, allowing outputs relevant to

specific scenarios to be analysed. 
.4. Model sharing 

As the prominence of computational modelling in biomechanics

ncreases, uncertainty about modelling results can be decreased

hrough increased sharing of models and data [64,65] . It can be a

hallenge to fully describe the methods used in FE models of the

nee within research papers, but this is important for understand-

ng simplifications that may affect the results. Sharing models and

ata of sensitivity studies in particular can help clarify the effects

f different levels of input precision on likely model outcomes.

haring of scripts and protocols in addition to data can help mit-

gate potential issues with software and version compatibility and

nsure repeatability. In addition to the OAI project [63] mentioned

reviously, other researchers are beginning to make knee models

reely available online [16,66,67] . This can have significant impact;

odels made available through the Open Knee Project [66] have

upported many new publications, including [10–12,68] . Sharing

f models also provides the means for improved understanding

f what aspects of the model were validated. Transparently re-

orting numerical quantification of validation evidence is also

ssential, because it is plausible that a given set of experimental

nd computational results would be described as similar by one

roup where another would conclude that the model has failed to

recisely replicate the experiment. Knee model validation is the

ocus of the next section. 

. Knee model validation and calibration strategies 

.1. Validation, verification and calibration 

Having considered some of the ways in which methodological

hallenges in knee modelling are being addressed, the challenge

f providing validation for computational models of the knee is

ow examined. To validate a model is to provide evidence that

odel generated results correspond to the outcomes of the real

orld scenario simulated [69] . Several guidelines exist with con-

iderations for reporting FE validation studies in biomechanics and

ncluding sufficient detail for repeatability [70–72] . In particular,

athmanathan et al. [73] recently proposed a framework for the

pplicability analysis of validation evidence in computational mod-

ls for biomedical applications, and this provides a resource for

valuating validation quality. The framework recommends the

ystematic assessment of the relevance of the validation evidence

or the proposed context of use, which encompasses the purpose

f the model and what factors its results are used to inform. 

For the purposes of this paper, direct validation is used to refer

o situations in which a comparison between a model prediction

nd an experimental test result is made after a model has been de-

eloped to match the corresponding experiment as closely as pos-

ible [69] . Indirect validation is used when the model prediction is

ompared to a physical case where it not known whether the con-

itions are the same. Confidence can also be built by performing

everal related validation checks, for example by comparing: 

• Several different outputs (e.g. displacement, stress) 
• Under a variety of conditions (e.g. loading cases, restraint cases)
• Against data sets from a variety of sources (e.g. multiple

specimens) 

Prior to validation of a model, it is necessary to assess the

bility of the model to provide accurate numerical approximations

o its underlying equations, including the testing of mesh conver-

ence. This is known as model verification, which has been widely

iscussed [69,70] and will not be covered in detail here. However

t is important to highlight that solving computational contact

roblems in biomechanics generally remains very challenging,

nd image processing and smoothing steps may be necessary to
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Table 1 

Summary of the main types of model used in finite element studies of the knee. Here subject-specificity is used to refer to the geometric representation employed in the 

model, but calibration of material properties may mean that the materials could also be described as subject-specific. 

Model type Specificity Calibration Validation Possible Uses 

Representing trends and 

sensitivities 

Generic or subject-specific Not included May report literature 

comparisons 

Independent demonstration of the effect of 

inputs and interactions within a complex 

physical system. May also be used 

complementary to experiments to reveal 

internal stresses and strains or provide 

sensitivity data. 

Representing in vitro subjects Subject-specific Frequently included Matching experiment Testing a device, procedure or disease in the 

context of particular in vitro specimens. 

Representing in vivo subjects Subject-specific Challenging to include Matching in vivo data Testing a device, procedure or disease in in 

the context of particular in vivo subjects. 
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chieve model convergence. Contact algorithms in finite element

odes may not be sufficiently robust to handle meshes on complex

pecimen-specific geometries such as those found in the knee,

ith small changes to geometry resulting in models that do not

onverge. Through the FEBio project [74] , open-source code has

een specifically designed for such biomechanical applications and

s addressing some of these challenges. 

One aspect of verification for which the modeller is responsible

s demonstrating the suitability of the chosen mesh. Hexahedral

lements are generally preferred for modelling contact, but present

 particular challenge when meshing complex geometries such as

emoral cartilage and the menisci. Quadratic tetrahedral elements

rovide a possible alternative to alleviate this issue; they are more

traightforward to implement and have previously been seen to

erform well in models of foot biomechanics [75] and articular

ontact in the hip [76,77] . Recently some authors have also used

uadratic tetrahedral elements in modelling knee joints [15] . 

Computational models can be developed contemporaneously

ith, and validated against, in vitro or in vivo experiments. This

ay require some calibration of model parameters so that model

esults align with experimental results [78] . Calibration involves

uning input parameters based on model results. If these tuned

arameters are not specific to each specimen, this generally

eans minimising the model-experiment error across a set of

pecimens. A gold standard for validation is thus to test whether

odel results continue to correspond well with experimental data

hen independent specimens are tested. However, because several

actors affect their outputs, it is important to avoid erroneously

oncluding a model is validated based on its calibration. At the

tudy design phase, researchers should carefully consider what

heir models aim to elucidate and plan validation steps accord-

ngly. Several different combinations of model parameters may

ead to similar results, and consequently it may be possible to

rroneously ‘validate’ a model by chance. Parameters that initially

ppear unimportant could cause crucial differences in model out-

ut following the addition of further parameters. For example, in a

odel of knee contact mechanics, calibrating the meniscus prop-

rties may produce the cartilage contact pressures that align well

ith experimental data, but the meniscus properties themselves

ay actually be incorrect. These incorrect properties, coupled with

ncorrect properties of meniscal attachments and the coefficient of

riction between the meniscus and cartilage layers could lead to

naccurate conclusions about meniscal pathology even if cartilage

ressures were observed to be correct. Experimental data also has

imitations (for example in resolution and accuracy of sensors and

etection of environmental noise), so researchers should take into

onsideration that model outputs may need to be compared to

uboptimal experimental data. There is substantial literature on

ensitivity testing in knee models [10,61] and researchers should

e encouraged to report these findings to provide the community

ith an improved basis for output interpretation and understand-

ng of the circumstances in which conclusions remain valid. 
.2. Approaches to validation in different study designs 

Validation is often more challenging when models are devel-

ped to represent in vivo subjects. On the other hand, generic

odels aiming for broad conclusions may not require detailed

alidation strategies. Calibration and validation strategies used in

ifferent knee modelling studies therefore vary according to the

tudy purpose and the types of model utilised; this is summarised

n Table 1 . 

Further discussion of each of these identified approaches is

rovided in subsequent parts of this section. Some of the key

tudies discussed are outlined in Table 2 to demonstrate examples

f each study type from the literature. 

.3. Models representing trends and sensitivities 

Computational models can be used for investigating features of

he knee as a complex physical system, with the aim of evaluating

ensitivity of general outcomes to input parameters. In these

cenarios, models may incorporate generic or previously measured

nputs, which have inherent uncertainty associated, into an as-

umed physics framework. Generic representations of the knee

re particularly well suited to parametric testing to demonstrate

rends and highlight which uncertainties are most critical. In this

ase the conclusions are population-based rather than specimen-

r group-specific. 

The Open Knee model [66] is commonly used for investigating

eneric trends in knee mechanics. For example, its geometry has

een used to investigate the time dependent behaviour of cartilage

nd fluid pressure at the cartilage-meniscus interface [12] , and for

nvestigating the effects of meniscal tears and full meniscectomy

11] . In studies like these, there is generally no direct validation

ncluded due to the lack of experimental counterpart for the de-

eloped models, but the results are often compared with literature

ndings. In one study [12] results were compared with other pub-

ished models and experimental predictions of outputs including

ontact areas and femoral displacements under static loads to

rovide confidence in the modelling approach. In another study

11] the authors explicitly stated that physical validation could not

e included as an abnormally flat meniscus geometry was used to

nvestigate meniscal extrusion in the presence of meniscal tears.

heir findings are likely relevant to certain real cases with similar

orphological characteristics, and would be more difficult to

chieve using a complex specimen-specific model, where conver-

ence issues may arise due to more complex articular geometry. 

Generic or specimen-specific models can also be developed

longside experimental tests to generate additional information

egarding internal stresses or strains, or to provide sensitivity data

llowing for fewer test runs. In these cases the response of the

ibiofemoral joint to different loading scenarios can be investigated

ithout requiring detailed direct validation to support the study

onclusions. For example, one study [60] used a model based on
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Table 2 

Applications of a selection of recent finite element modelling studies of the human tibiofemoral joint, arranged into the three identified study types to highlight the validation 

strategies used. Model parameters such as material properties are commonly taken from literature, so instances of calibration are also highlighted. 

Reference Application Subjects Calibrated parameters Aspects validated 

Models representing trends and sensitivities 

Meng et al. [10] Compare image-based and polynomial based 

knee geometry using Open Knee model. 

Open Knee Model None, but properties 

consistent between models. 

No physical validation. 

Previous study compared 

biphasic model contact 

areas with literature (Meng 

et al. [12,10] ). 

Łuczkiewicz et al. [11] Investigate effects of meniscal tears and 

meniscectomy using Open Knee Model. 

Open Knee Model None, but properties 

consistent between models. 

No physical validation. 

Models representing in vitro subjects 

Ali et al. [16] Evaluate patellofemoral and tibiofemoral 

mechanics in knees with and without ACL 

resection. 

2 cadaveric knees 

MRI and CT 

Patellofemoral mechanics (Ali 

et al. [79] ). Ligament 

properties (Harris et al. 

[80] ). 

Kinematics over gait cycle. 

Peak quadriceps forces 

during stance and swing 

phase. 

Beidokhti et al. [15] Assess ligament modelling strategy; 

non-linear springs or transversely isotropic 

continuum models. 

3 cadaveric knees 

MRI and CT 

Ligament properties from both 

literature and optimised 

based on laxity tests. 

Torques. 

Translational and rotational 

kinematic response. Contact 

area and peak contact 

pressure under axial loading. 

Guo et al. [61] Quantify reduction in output uncertainty 

when using clinically measurable input 

variables. 

3 cadaveric knees 

MRI and CT 

Varus-valgus angle 

uncontrolled in experiment 

but tuned for each model 

within physical ranges. 

Regions of contact stress (Guo 

et al. [62] ). 

Loads through medial and 

lateral cartilage. 

Mootanah et al. [19] Predict contact forces and pressures for 

different degrees of malalignment. 

1 cadaveric knee 

MRI 

Ligament properties. Peak pressure and force in 

medial and lateral 

compartments. 

Models representing in vivo subjects 

Räsänen et al. [17] Investigate effects of fixed charge density on 

cartilage response during gait. 

1 volunteer 

MRI 

Fixed charged density content 

of tibial cartilage 

determined with Na-MRI. 

Deformations in medial and 

lateral tibial cartilages 

(Räsänen et al. [39] ). 

Mononen et al. [7] Develop algorithm to simulate collagen fibril 

degeneration based on cumulatively 

accumulated stresses within cartilage. 

2 patients MRI from 

OAI database 

Threshold limit to determine 

degeneration initiation 

tested at different levels. 

Predictions compared with 

Kellgren–Lawrence grades 

from X-ray data of OAI 

database sub-groups. 

Halonen et al. [47] Evaluate meniscus movements during 

standing with CT contrast media and study 

collagen fibril effects. 

1 volunteer 

MRI and CT 

Material properties derived 

from bovine tissue. 

Meniscal motion patterns and 

mean strains. 

Kazemi and Li [35] Investigate creep and stress relaxation of knee 

joint in full extension. 

1 volunteer 

MRI 

Material properties derived 

from bovine cartilage. 

Cartilage strains and contact 

pressure compared to 

literature data. 

Kiapour et al. [81] Develop model to evaluate tibiofemoral 

biomechanics and injury mechanism. 

1 volunteer 

MRI and CT 

Ligament properties derived 

from cadaveric tissue. 

Tibiofemoral kinematics and 

cartilage pressure 

distribution compared to 

cadaveric experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

r  

o  

m  

u  

a

3

m

 

t  

s  

f  

i  

d  

m  

e  

s  

i  

s  

u  

a  

i  

v

a single subject to parametrically investigate different alignments,

geometries and properties for osteochondral grafts. This study

mentioned basic validation in terms of comparisons to experi-

mental studies of different cadaveric specimens, and whilst this

means the results could not provide subject-specific information

on approaches to alleviate chondral lesions, the data do provide

guidance on the types of specimen on which to focus in future

studies using more complex models. Thus the specimen-specific

geometry here was largely incidental, and the study findings sug-

gest generic trends, such as indicating proud placement of grafts in

particular increase the stress they experience. These trends can be

used to inform future studies and provide useful sensitivity data. 

When highly complex material representations are used in

knee models, particular outputs from specimen-specific cases

may be impossible to directly validate. Gu et al. [82] generated

a model of a single volunteer to investigate effects of collagen

fibres on fluid pressurisation in cartilage, and their findings

were not directly validated since collagen fibre directions were

assumed to follow a generic split-line direction and zonal differ-

ence was not considered. Similarly, Mononen et al. [41] used a

poro-viscoelastic model based on a single subject to examine the

importance of collagen fibril organisation for the optimal function

of articular cartilage, which again could not be directly validated.

Although subject-specific geometries from in-vivo subjects were

utilised for these studies, they were not seeking to make clinical
ecommendations, but rather to contribute to the body of evidence

n the factors which are important in cartilage behaviour. Thus

odels from studies such as these fit into the category of models

sed to better understand the trends and sensitivities in the knee

s a mechanical system. 

.4. Balancing output relevance and validation in specimen-specific 

odels 

Whilst generic models are well suited to parametric testing

o establish trends, the development of models with greater

ubject-specific detail can provide biomechanical insights allowing

or subject-specific predictions. This is important since variations

n anatomy and tissue properties between patients may lead to

ifferences in treatment outcomes. Furthermore, specimen-specific

odels provide the means to set up one-to-one matches with

xperiments to allow for direct validation. Geometrically specimen-

pecific models may also include generic or previously measured

nputs and the associated uncertainty this brings, but incorporate

ome subject-specific inputs relevant to the scenario they are

sed to examine. Such complex, specimen-specific knee models

re becoming increasingly prevalent [15,16] , but remain in their

nfancy, warranting a more in depth discussion regarding their

alidation and extracting useful information from their outputs. 
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Fig. 2. There are multiple possible sources of error when comparing computational models of the knee against experimental tests in order to assess their capability to 

predict real world scenarios. Potential areas for alignment or discrepancy are displayed within dashed boxes. The double lined arrows indicate that there must be a trade-off

between validation of computational models against experimental data with controlled conditions, whilst replicating uncertain real world data as closely as possible. 
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Whether simulating in vitro or in vivo subjects, a stronger re-

ationship between a model and an experiment can often only be

chieved at the expense of the relevance of the experimental data

o the real world scenario, such as the progression of osteoarthritis

nder different mechanical conditions. Here there must be a

rade-off; experiments can be closely aligned with a model and

otentially lose certainty about the relevance of motions and loads

o in vivo scenarios, or the model could be compared directly to

n in vivo scenario, potentially losing the capacity for calibration

f specimen-specific properties ( Fig. 2 ). In both cases, the outputs

hat can be practically compared in validation tests may be proxy

easures for the true output(s) of interest. For example, elevated

ontact pressures may be used to predict regions with increased

isk of osteoarthritis in knee models, as this can be measured both

xperimentally and computationally, but a direct observation of

artilage quality might be preferred in a cadaveric joint. In the

ase of models based on a cadaveric specimen, it is possible to

btain specimen-specific measures of some material properties

for example ligament parameters can be derived through laxity

esting [15] ), and experiments can be set up in controlled condi-

ions that can be replicated in FE models using matching boundary

onditions [15,16] . However it is difficult to be certain that applied

oads match the conditions that the specimen experienced in

ivo, and removal of supporting tissues such as knee ligaments

uring experimental set up may alter constraints experienced by

artilaginous soft tissues of interest. In the case of a model based

n an in vivo subject, it is possible to set up in vivo experiments

o capture cartilage deformation under in vivo conditions, for

xample by using an MR imaging compatible loading device [83] .

owever, non-invasively deriving specimen-specific material prop-

rties to include in the computational model may not be possible,

o literature-based material properties are often required [39] . 

Regardless of the validation approach taken, it is important

o consider that there are always a number of different aspects

hich can influence how effectively experimental and computa-

ional data can be compared, as well as the relevance of the data

o the real life scenario of interest. Potential sources of error are

llustrated in Fig. 2 . 

Whilst validation evidence for knee models should ideally be

btained from an experimental scenario as relevant as possible to

ts proposed context of use, it is not unusual to report an initial
alidation study and later use a modified version of the model

or a different purpose [73] . In these cases, it is important to

nderstand whether the validation evidence supports the trust-

orthiness of the model’s predictions in the new context. The

isks of uncertainty over model trustworthiness depend on the

odel’s application and its decision consequence. In the future

or example, validation may be performed on software intended

o provide medical advice, in which case the outcome of erro-

eous validation is likely to be severe. More typically in current

nee modelling, validation is performed to provide credibility to

imulation results as scientific evidence. 

.5. Models representing in vitro subjects 

Subject-specific inputs for models representing in vitro subjects

ay be derived from imaging of the in vitro specimens or through

alibration with experimental measures on these specimens.

alibration may be repeated for the model of each subject to

ield a set of validated subject-specific models (models where the

esponse is known to be correct for each subject), or calibrated

verage properties may be used with potential for testing across a

opulation subset. 

Piezoresistive thin-film sensors are commonly used for mea-

uring experimental contact mechanics in experiments using

adaveric specimens [19] . In one of the earlier demonstrations of

his technique, it was shown that a transversely isotropic linearly

lastic material model for meniscal tissue could provide good

omputational estimations of experimental measurements of con-

act pressure, with discrepancies between mean contact pressures

n the region of 10-15% [84] . Fundamental validation studies like

his can provide confidence when models are later used for more

pecific scenarios, in this case the investigation of meniscectomy

nder axial loading [85] . However, since physical experiments

ontain inherent uncertainty, an important part of performing

ffective validation of in vitro models is judging when to stop

alibrating to exactly match laboratory test results. In particular,

hin-film sensors have some limitations; measurements of contact

ressure and area are subject to experimental errors in detection

nd signal processing, particularly on highly curved or uneven sur-

aces, and they cannot record shear components of stress [15,86] .
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Furthermore, the insertion of sensors may lead alteration of the

surrounding tissue, interfering with the natural joint mechanics. 

When describing subject-specific knee models as validated,

it is important to be clear about the scope of the model. One

study [8] describes a knee model as validated, but this was based

primarily on literature comparisons rather than direct validation,

and the model used in the study was a development of a much

earlier knee model [87] with the mesh modified to refine the

cartilage and menisci. Although the conclusions were within a

scope that could be reasonably determined using more generic

models (indicating that bone damage and cartilage splits can alter

the magnitude and pattern of cartilage pressure and strain), to

make more specific conclusions would require further supporting

validation work. Contrastingly, another study, which assessed rela-

tionships between contact pressure and osteochondral defect size

[38] was clear about the extent of validation achieved. Although a

non-specimen-specific linearly elastic material representation was

used for the cartilage, predictions of peak pressure in the lateral

and medial condyles closely matched results from cadaveric exper-

imental models for defect sizes up to 20 mm, with the exception

of the smallest size tested (5 mm). Thus a range was provided for

the predictive capabilities of the presented model, with poorer

agreement for smaller defects possibly due the mesh density.

Freutel et al. [58] were similarly clear about the circumstances in

which their model was valid. On the basis of low prediction errors

for experimental meniscal displacements, the authors analysed

stress distributions in modelled porcine menisci, and stress mag-

nitudes were seen to correspond well with previous studies of the

meniscus [22] . This level of validation suggests the methods could

be utilised for further investigations, for example into the effects

of meniscal tears, but in order to be applied to human specimens,

corresponding experimental data with human tissue would be

required. 

Comparison of models against in vitro experiments can also

be used as a method to illuminate the necessary complexity of

a model in different testing scenarios. Beidokhti et al. [15] for

example demonstrated that models featuring subject-specific

material parameters for ligaments (derived from experimental

tensile tests) produced kinematics more aligned with experimental

data than those with literature-based properties. Literature-based

spring models for ligaments produced high errors in contact

pressure but acceptable kinematics, suggesting scenarios where

this approach may be sufficient. As restricting knee movement is a

major function of ligaments, validating the kinematic output was

important for the application of these models. Precisely matching

contact pressures for this scenario was arguably less crucial, but

this aspect was nevertheless also reported in detail in the paper. 

It is important to recall that experimental tests themselves

may not precisely emulate the in vivo situation of interest, al-

though demonstration that a model can replicate a controlled

environment is generally the first step in assessing its potential

to simulate more complex in vivo scenarios. Loads applied during

the validation experiments in Beidokhti et al.’s study [15] were

reduced due to structural limitations of the testing apparatus, and

were not intended to represent in vivo quadriceps loads. They

were however selected based on the intended application of the

models, the analysis of ACL reconstructions. Technical issues can

also reduce the relevance of an in vitro scenario to an in vivo

situation; for one of the study’s specimens, the collateral ligaments

required excision in order to permit sensor insertion. To mitigate

this issue, this condition was replicated in the corresponding

model before contact pressure and area assessments. 

In highly complex models of in vitro specimens, several cal-

ibration stages are often necessary to align computational and

experimental results and achieve validation. One group initially

performed calibration of patellofemoral mechanics [79] , followed
y ligament laxity tests to allow calibration of tibiofemoral soft

issue material properties and attachment locations for models of

adaveric human knees [80] . Following this, subject-specific knee

echanics were modelled in silico for intact and ACL-deficient

onditions under several loads to simulate experimentally mod-

lled dynamic activity [16] . This complex study design with

everal stages resulted in models where validation evidence was

rovided under both healthy and pathological conditions through

omparison of experiments and models. Validation data were

enerated in terms of both kinematics in the tibiofemoral and

atellofemoral joints and in terms of forces experienced by the

nee. Model predicted kinematics were seen to largely agree

ith experimental data in both trends and magnitudes, assessed

sing root mean squared differences, and as expected, the largest

ifferences occurred at flexion angles greater than those for which

igament laxity calibration had been performed. Furthermore,

uadriceps forces seen in the models were comparable to quadri-

eps forces seen following loading in the experimental simulator

ests, although these forces actually changed negligibly following

CL resection, possibly missing potential effects of any adaptive

ehaviour that could manifest in vivo. 

A key aspect of Ali et al.’s study [16] was the commendable use

f validation under very different loading scenarios: knees with

ntact and resected ACLs. However, in this study the ligaments

ere modelled as spring elements for calibration purposes, and

he meniscus was not included when these ligament calibrations

ere performed [16] . Considering that Beidokhti et al. [15] found

 continuum model for ligaments more closely reproduced exper-

mental results, a logical next step would be to use constitutive

aterial models for the ligaments. Furthermore, it would be

eneficial to include the meniscus when these calibrations are

arried out, since the meniscus may provide additional stability,

nd damage from dissection to facilitate its removal could cause

ltered responses. Since multiple experiments were run on the

ame samples, it is also important to consider whether this may

nduce tissue damage in the specimens beyond that which is

ikely to occur in vivo. Further, it may be possible to consider any

etrimental effects of bone fixation processes and the order in

hich the experiments were conducted. All these factors would

owever need to be offset against increased costs in terms of

dditional experimental and computational resources in studies

hich are already complex and challenging. 

.6. Models representing in vivo subjects 

Developing subject-specific models of in vivo subjects, as op-

osed to in vitro cadaveric specimens, presents its own unique set

f challenges. Obtaining data for calibration is likely to be much

ore challenging in an in vivo scenario, and similarly outputs that

an be practically compared for validation are more limited. For

xample, there are both ethical and practical limitations to the

irect measurement of joint contact forces in vivo, so it may be

ecessary to partially validate an in vivo model against experimen-

al data of other specimens [81] . On the other hand, modelling in

ivo subjects allows patient-specific multibody dynamics models

o be developed based on in vivo movements to aid the applica-

ion of potentially more clinically relevant joint forces to an FE

odel [88] . 

One group approached the validation of an FE model based

n an in vivo subject by using an MR compatible compression

evice to load the knees of an asymptomatic subject [39] . The

artilage deformation magnitudes were found to correspond well

t equivalent loads, but there was a discrepancy in load distri-

ution between the medial and lateral plateaus, which might

e partially explained by free varus-valgus rotation allowed in

he model. This validation was sufficient to support comparative
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tudies into the effect of local variations of fixed charged densities

n the cartilage [17,39] . However to derive conclusions specific to

he knee mechanics of the particular subject used for the model,

t would be beneficial to seek an improved match between the

omputational and experimental conditions. 

Another group also developed models based on MR images of

ealthy volunteers, initially observing the knee joint becoming

tiffer as a result of elevated fluid pressure following meniscec-

omy [89] . Although there was no way to validate these findings,

he group provided discussion of validation for follow up models

sed to investigate load transfer from the cartilage to the meniscus

35] . In this study, indirect validation was discussed on two levels.

irstly, the material model used for cartilage was compared to

tress relaxation and creep data for bovine cartilage explants [90] .

econdly, results from the overall knee model were compared to

lder experimental data [91] . Whilst these steps do not constitute

irect validation, they provide a means to evaluate whether the

odel results seem sensible. The region of maximum contact

ressure was observed in the medial compartment, consistent

ith previous data, although pressure values were relatively low.

t is challenging to derive specimen-specific material properties

n vivo, so bovine cartilage was used for material calibration,

mplying a general representation of cartilage was used. Thus

he discrepancy in pressures values may have been due to the

on-specimen-specific nature of the employed material model

nd potentially the shape of the specific knee used in the study.

nother study [47] also used material properties originally derived

rom bovine tissue in a knee model to assess cartilage strains

nd meniscal motions. This model was able to capture patterns of

eniscal motion with only slight differences from those observed

n vivo using CT with contrast media. In this case, the non-specific

aterial properties along with other uncertainties meant the

uthors stated that they did not seek to calibrate the model for

urther validation against the experimental data. However these

omparisons again provide a means to assess whether the results

ay be sensible without the authors claiming to have developed a

ully validated model. 

In order to derive conclusions relevant to larger populations,

evelopment of models with subject-specific geometry will be

equired for greater numbers of in vivo subjects. This could allow

redictions to be made on the efficacy of potential treatments

or the knee in different patient subgroups. This will require the

evelopment of models that can be validated for multiple uses

such as under different loading scenarios) and confirmation that

odel development procedures are reproducible. It would also

e beneficial to understand where the greatest variation lies in

opulations, in order to concentrate modelling effort s on particular

nee subgroups. A recent study [20] used measurements of the

enisci from both knees of subjects from the OAI database to

enerate active appearance models. Meniscal damage locations

ere consistently seen primarily in the posterior medial region,

nd meniscal thickness and tibial coverage were identified as risk

actors for osteoarthritis progression, which may be an important

onsideration for future modelling studies. Mononen et al. [7] also

sed in vivo subjects from the OAI database, in this case seeking to

alidate FE models based on these subjects. The complexity of the

odel scenario, in which an algorithm was presented to predict

artilage degeneration, meant that direct validation would be

ery challenging and would need to occur over a prolonged time

eriod, because a model would need to be developed to match

he experimentally observed conditions seen as osteoarthritis

rogressed in a particular patient. Follow-up Kellgren–Lawrence

rades on the OAI database subjects did however provide a basis

or comparison, and correlations were derived between model data

nd clinical observations. Progress of collagen fibril degeneration

n the models was seen to occur mostly in the initial stages of os-
eoarthritis, consistent with experimental data from obese subjects

n the OAI database. These comparisons provided confidence in

he predicative capability of the models, but areas of uncertainty,

uch as the threshold limit for determining degeneration initia-

ion, prevented more subject-specific conclusions. Future studies

hat employ a range of at-risk subjects and use subject-specific

ather than representative loading data, could be used to predict

steoarthritis onset in a range of knee subsets, suggesting in vivo

odels have strong potential for future clinical applications. 

. Discussion 

.1. Summary 

This paper has described some of the challenges in developing

omputational models of the tibiofemoral joint, describing the

ifficulties in ascertaining representative geometries, material 

roperties and loading conditions, as well as challenges in de-

iding appropriate outputs to measure. Although the focus has

een on the tibiofemoral joint, many of the concepts discussed

re also relevant to the modelling of other joints. In particular, the

haring of computational models and data in biomechanics has

he potential to move the field forward more rapidly. 

Thorough validation strategies remain an important aspect for

nclusion in knee modelling studies. As has been indicated by

thers [70–73] , a model can only be described as validated for the

cenarios and outputs that have been tested against corresponding

xperimental data, and validated models can only provide strong

onclusions when varied within the scope of their original pur-

ose. However, to maximise the returns of developing models,

urther scenarios or specimens are generally investigated. Thus it

s crucial to consider whether validation evidence is appropriate

or the context of use of a given model. Equally, if every aspect

f every model requires validation, there is little purpose in

roducing models of the knee joint at all. Eventually, unvalidated

ases must be run in order to take advantage of the capability

hat computational models provide. In this case, researchers must

ecide what constitutes a reasonable step away from a validated

ase, where modelled outcomes remain trustworthy. In particular,

t may be desirable to use models to bypass further experiments

nd predict in vivo knee biomechanics or kinematics. For example

li et al. [16] analysed additional measurements beyond those

irectly validated, such as ligament AP shear forces with respect

o the tibia. In future, it would be useful for study authors to

nclude their rationale for why additional outputs are thought to

e appropriate. Parametric tests, such as material changes from

 validated baseline are also in a sense unvalidated, but initial

alidated cases provide a degree of confidence, for example in

ork by Räsänen et al. [17,39] . 

In some cases detailed validation may not be required at all;

his can be true when generic knee models are generated with the

im of investigating trends in the complex joint system without

aking more specific conclusions related to individual specimens

r sub-populations. Computational modelling has been used to

reat effect to provide detailed information about the trends and

ncertainties in the knee joint using generic and idealised models

10,26] , although it is not yet clear in which circumstances unvali-

ated cases can be trusted and it is useful to compare conclusions

f these studies with contemporary literature findings. 

.2. Outlook 

The long term ambitious aim for the modelling community as a

hole could be to continue to increase understanding of the knee

oint using complex computational models. Checking surprising or
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counterintuitive models with physical models to confirm modelling

predictions is a necessary task, but confidence in models can also

be increased with better sharing of comprehensive information.

This will require: 

• Material property and imaging data for knee tissues including

the meniscus and cartilage, including data on their variation

across populations, e.g. with age, sex and presence of pathol-

ogy. 
• Precise subject-specific measurement techniques for calibration,

with associated sensitivity data. 
• Robust numerical methods capable of generating solutions

for the irregular geometry and complex materials of the

tibiofemoral joint. 
• Methods for connecting information across institutions and

projects, e.g. using approaches such as the Open Knee Model. 

More immediately, future studies featuring knee models should

focus validation efforts on gathering evidence relevant for their

particular application of interest. As the complexity of modelling

ability increases, these applications will become of greater clinical

relevance. In order to draw clinically relevant conclusions, it is

important not only to be confident that models are able to provide

valid predictions of outputs, but also that these outputs are per-

tinent to the problem of interest. For example, when investigating

the onset of osteoarthritis, it is reasonable to suggest elevated

contact pressures could indicate a greater risk of symptomatic

joint damage, and models can be used to highlight the scenarios

in which this is most likely to occur [68] . However in order to

progress to using modelling to understand the natural history of

the disease, it will be necessary to validate model outputs that

have more direct relevance to joint damage. In contrast to the

modelling of joint replacement materials, where contact pressures

are directly associated with material wear [88] , it is less obvious

how elevated contact stresses in soft tissue are related to damage

mechanisms that contribute to joint disease. Furthermore, since it

can be challenging to report the full complexity of contact stress

distributions from models, some studies report only peak contact

stresses or contact area, and these metrics may be even further

removed from the damage mechanisms of interest. On the other

hand, such fundamental contact mechanics outputs can be useful

for pre-clinical testing of potential therapies, in order to obtain an

initial indication of whether an intervention can provide a more

favourable mechanical environment in a degenerated knee joint. In

the future, studies with greater numbers of subjects and loading

scenarios could provide more insight into how the manifesta-

tion of elevated pressure are affected by subject-specific factors,

which has potential applications in stratifying future therapeutic

interventions. 

Understanding subsurface stress distributions may be critical

for predicting specific osteoarthritic changes in the knee joint,

such as the potential for cartilage fragmentation and delamination

from the underlying subchondral bone [60] . Additionally, details

of strain behaviour, such as deformation of the meniscus as it un-

dergoes loading, could provide more elucidation on joint damage

mechanisms [11,47] . Depending on patient-specific geometries and

motions, these findings may better explain how joint degeneration

is initiated. Another ambitious future direction would be to link

investigations and evidence in this area to attempts to under-

stand the process of cartilage damage through collagen network

degeneration [7] . Generating such models for a large number of

subjects with varied properties and geometries, and testing them

in a range of loading scenarios, would elucidate how treatments

may be tailored to stratified patient groups. Taken all together,

this could result in an improved understanding of the progression

of knee osteoarthritis. 
.3. Conclusion 

The purpose of this paper was to provide an overview of the

urrent challenges in computational modelling of the tibiofemoral

oint and the role of validation in different study designs which

tilise FE modelling of the knee. It is evident that the commu-

ity is developing many valuable computational and validation

ools to address the emerging biomechanical questions in the

nee. In parallel with huge increases in computational power and

mprovements to imaging techniques, significant advances have

een made in the FE modelling of subject-specific knee joints.

or complex subject-specific models based on in vitro specimens,

alidation remains a crucial aspect and particular focus should be

iven to validating outputs with specific relevance to a model’s

ntended applications in order to maximise the utility of research

ime and impact of results. Equally however, the power of com-

utational models lies in their ability to be used to investigate

cenarios beyond those that can be experimentally examined.

eneric knee models remain important for sensitivity testing and

arametric analysis to understand population-wide trends, whilst

ubject-specific in-vivo models can provide insight into internal

echanical behaviour within individual patients’ knees, providing

ata which could aid stratification of future treatments for dif-

erent patient groups. With the growing capacity for increasingly

omplex models, outputs from knee modelling studies are likely

o have increasing clinical importance. 
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