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Deciphering the “Art” in
Modeling and Simulation of the
Knee Joint: Overall Strategy
Recent explorations of knee biomechanics have benefited from computational modeling,
specifically leveraging advancements in finite element analysis and rigid body dynamics
of joint and tissue mechanics. A large number of models have emerged with different lev-
els of fidelity in anatomical and mechanical representation. Adapted modeling and simu-
lation processes vary widely, based on justifiable choices in relation to anticipated use of
the model. However, there are situations where modelers’ decisions seem to be subjec-
tive, arbitrary, and difficult to rationalize. Regardless of the basis, these decisions form
the “art” of modeling, which impact the conclusions of simulation-based studies on knee
function. These decisions may also hinder the reproducibility of models and simulations,
impeding their broader use in areas such as clinical decision making and personalized
medicine. This document summarizes an ongoing project that aims to capture the model-
ing and simulation workflow in its entirety—operation procedures, deviations, models,
by-products of modeling, simulation results, and comparative evaluations of case studies
and applications. The ultimate goal of the project is to delineate the art of a cohort of
knee modeling teams through a publicly accessible, transparent approach and begin
to unravel the complex array of factors that may lead to a lack of reproducibility.
This manuscript outlines our approach along with progress made so far. Potential
implications on reproducibility, on science, engineering, and training of modeling and
simulation, on modeling standards, and on regulatory affairs are also noted.
[DOI: 10.1115/1.4043346]
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1 Background and Motivation

Computational modeling has become ubiquitous to support sci-
entific and clinical studies on knee biomechanics (Fig. 1). State-
of-the-art simulation frameworks for finite element analysis [1]
and multibody dynamics [2] permit high-fidelity representations
of joint anatomy and mechanics, providing the opportunity to
understand interactions between body level loads, joint move-
ments, and tissue deformations. Naturally, such techniques have
been leveraged to explore tibiofemoral and patellofemoral joint
mechanics in health and disease, and after reconstruction [3].
Essentially, all of the passive tissue structures are focus areas of a

growing number of simulation-based examinations including the
cartilage, bone, meniscus, and ligaments [4]. Subsequently, com-
putational models of the knee have penetrated all aspects of
healthcare delivery and research in many ways: to support inter-
vention design, to predict surgical outcomes, to deliver medical
training, and for personalized care [3–5].

Fundamental abstraction of a knee model is straightforward
(Fig. 2). Virtual reconstruction of anatomical properties is needed
to represent geometry and arrangement of tissue structures at a
desired level of specificity (population-based or subject/specimen-
specific) [6]. Physiological properties, i.e., mechanical properties,
in Fig. 2, of all modeled tissue components are also required [6].
In biomechanical modeling, these include properties defined at the
structural or material levels [4]. Note that connectivity between
tissues, e.g., bone and ligaments, as well as mechanical interac-
tions, e.g., contact between articulating surfaces, are usually
incorporated as part of the anatomical or mechanical features of
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the model [6]. Loading, e.g., muscular forces, external loads, pre-
scribed kinematics, boundary conditions, etc., are imperative to
conduct meaningful simulations that have scientific and/or clinical
relevance [6]. The end goal of building a computational model is
to perform simulations, i.e., finite element analysis, to predict the
mechanical response of the joint [6]. In a majority of cases, the
response that is sought is related to joint movement (kinematic-
s–kinetics) and tissue deformations (stress–strain distribution) [6].
Despite the simplicity of this generalized description of computa-
tional models in biomechanics, its interpretation by a modeler
may vary when developing and using a virtual representation of
the knee [4] (Fig. 3).

Computational biomechanics of the knee inherits a large variety
of activities of the broad modeling and simulation lifecycle [10],
which are labor and resource intensive, and demand significant
intellectual capacity (Fig. 4). Naturally, a computational model is
built to answer a question, which is the starting point of any mod-
eling task. Questions can range from clinical to basic research:
Will a new ligament reconstruction provide mechanical stability?

What is the increased risk of cartilage degeneration due to altered
joint mechanics? and so on. Defining this question clearly dictates
the model’s context of use and motivates the required modeling
fidelity and relevant simulation scenarios. Commonly, anatomical
imaging (computed tomography and magnetic resonance imaging)
[11], in vitro mechanical testing (joint and tissue testing) [12],
in vivo data collection [13], and research and clinical literature
provide the foundational information to build the model. Geome-
tries of tissues are usually generated through image segmentation
[14] and discretized to generate a mesh for finite element analysis
[6] or multibody dynamics simulations [15]. Tissue testing data, if
available, can provide material properties of the bone and soft tis-
sues (cartilage, ligaments, meniscus, etc.) [4]. Noninvasive imag-
ing may also be used to infer subject-specific material properties
in certain cases, e.g., computed tomography to estimate apparent
bone mineral density [16]. Yet, tissue properties are often adapted
from prior reports. Loading conditions can be derived from
experiments conducted on a subject’s knee [17] or on a cadaver
specimen [7]; or, they can be approximated from known or antici-
pated loads of daily activities [18], a clinical test [19], or an injury
scenario [20]. A model calibration phase commonly follows
model development, where properties of the model, e.g., ligament
stiffness or slack lengths [8], are optimized such that differences
between an experimental condition with known joint/tissue
mechanics and model predictions are minimized [21]. Uncertainty
quantification, verification and validation studies, and sensitivity
analysis may follow [22,23]. These activities encompass model
benchmarking, which aims to understand the performance of the
model within the context of its intended use. With established
confidence in the model, the developers return back to the ques-
tion they want to answer and conduct simulations to gain insight
into the mechanics of the joint and tissues. It is important to rec-
ognize the distinction between calibration, where model results
have been tuned to a specific set of data, versus validation, where
model predictions are assessed relative to unseen data. Some stud-
ies have performed specimen-specific tuning of constraint, fol-
lowed by predictions of other activities, e.g., gait [24], or model
states, e.g., a ligament or structure removed [25]. With recent
emphasis on model sharing [26] and the increased interest in
model reuse, e.g., for multiscale analysis [27], developers,
researchers, or others may repurpose a knee model to explore joint
and tissue function for different cases. For example, a comprehen-
sive knee model, which was originally used to understand cou-
pling of ligament function and joint movements [28] may later be
used to investigate meniscectomy [29]. Model reuse is a funda-
mental element that we are hoping to provide and it is arguably
not achieved in the field of knee biomechanics extensively. As
models are repurposed during their lifetime, iterations are antici-
pated for additional data acquisition, model modification, and
evaluation.

A large number of modeling and simulation decisions need to
be made throughout the lifecycle of models, which define the
modeler’s art. Modeler’s choices can be biased by their preferen-
ces, which are formed through their experience and knowledge.
The modeler needs to tackle many questions during the process,
while accounting for the ultimate intended use of the model.
While knee experimentation relies upon sample populations [30],
in silico studies of the knee rely on a single or a handful of models
(a few statistical shape models for population based studies are
exceptions [31]) giving rise to many questions: Which knee should
be modeled? What type of demographics or disease population
should it represent? Should it be subject/specimen-specific or a
generic representation? Are data on the specific knee available?
Or, can it be collected at a desired level of detail? The fidelity of
anatomical and mechanical representation can vary. The geomet-
ric representation of articular surfaces can be as simple as an aver-
age parametric representation [32] or as detailed as an explicit
surface accommodating the specificity of the knee [33]. Mechan-
ics can be approximated at a structural level or at a material level.
This is demonstrated by the variety of ligament representations,

Fig. 2 Fundamental abstraction of modeling in knee biome-
chanics. Required input parameters include anatomical (geom-
etry, mesh, etc.) and mechanical representations (stiffness,
material properties, etc.) of joint components (bones, cartilage,
ligaments, menisci, muscles, etc.), and loading and boundary
conditions (external loads, muscular forces, etc.). Simulations
look for predictions of mechanical response, e.g., joint move-
ments, tissue stresses, and strains.

Fig. 1 Number of publications focusing on knee modeling or
simulation reaches up to 1000 per year. Total number of publi-
cations (up to year 2018) is 10,895 (data from PubMed2). With
the increased fidelity of simulation software and computing
hardware, use of finite element analysis in computational knee
mechanics has gained traction. Annual number of studies are
approaching 100 (total up to year 2018 is 882).

2https://www.ncbi.nlm.nih.gov/pubmed
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which can range from springs to three-dimensional continuum
models [34]. The modeler may decide to use a continuum repre-
sentation for soft tissues such as cartilage, for example. Yet, many
different constitutive models have been used to describe cartilage
behavior, from linear elastic to nonlinear elastic, to multiphasic
[11]. For a chosen constitutive model, literature provides the
opportunity (or the uncertainty) to choose from a large span of
material coefficients [4], i.e., for cartilage, the reported elastic
modulus ranges within two orders of magnitude [4]. Preferences
can be based on convenience, data limitations, perceived level of
representation required to address the question, access to software

and hardware, simulation software capabilities, and computational
cost. Data analysis to derive model components may introduce
process uncertainties, e.g., strategy to determine tissue boundaries
[35]. Mesh convergence analysis [36] may indicate a denser dis-
cretization but it may challenge computational tractability. A sub-
stitute material model may be used because the simulation
software may not have a readily available implementation of the
desired constitutive model or to improve run time, e.g., deforma-
ble versus rigid body with a pressure-overclosure relationship
[37]. Loading conditions may need to be simplified to accommo-
date for the uncertainties in data and to support simulation conver-
gence. Similarly, a tissue structure may be omitted, e.g.,
meniscus, or additional stabilizing structures, e.g., springs and
dampers, are introduced to converge to a solution [38]. These
potentially subjective decisions of the modeler collectively define
his/her art. Not only do they influence model development but
also the means to conduct simulations and postprocess and inter-
pret results. The spectrum of individual journeys in modeling and
simulation can explain the immense variations in models of the
knee [3,4].

Modeler’s choices likely impact the simulation results and the
conclusions reached by their interpretation. These decisions may
diminish the reproducibility potential of a modeling and simula-
tion workflow. Ideally, one should be able to reproduce the model-
er’s work, generate practically similar results, and reach the same
conclusions in regard to the simulated knee’s state and function.
Subjectivity may cloud documentation of models, modeling and
simulation activities, and related justifications. Scholarly publica-
tion platforms have promoted detailed documentation of “what a
model is” [6] but may not provide an effective means to commu-
nicate how it is actually built and used at a detail to support repro-
ducibility. The broader modeling and simulation community
launched initiatives on credible practice of modeling and simula-
tion [39]. The computational biomechanics community has pri-
marily focused on verification and validation [40]. However,
strategies to capture the modeling and simulation process in its
entirety have not been widely implemented. In the specialized
area of musculoskeletal movement simulations, competitions such
as the grand knee challenge [41] provided important insight on the
impact of simulation approaches on model predictions such as
knee joint contact forces. Nonetheless, documentation of deci-
sions and related justifications were limited to scholarly publica-
tions and models were not necessarily disseminated. Most
importantly, the modeling paradigm focused on musculoskeletal
movements and implant function and did not target higher fidelity
models of the knee joint and its tissue structures that are more rel-
evant to explore natural and pathological knee mechanics [4].

The goal of this manuscript is to outline a collaborative study to
capture the nature of modeling and simulation processes in com-
putational knee biomechanics. Such a study should enable cura-
tion of all aspects of the simulation workflow from start to end;
including specifications, protocol deviations, source data, final,
and intermediate outcomes (model components, models, and

Fig. 3 Even visually, computational models of the knee joint exhibit large variations in anatom-
ical and mechanical representations of tissue structures. Shown are samples of work by teams
collaborating in a comprehensive study to understand the art of modeling and simulation in knee
biomechanics: (a) open knee(s)—generation 1 from Cleveland Clinic team (Reproduced from [7]),
(b) a model from the group at University of Denver (Reproduced from [8]), (c) work by researchers
at Auckland Bioengineering Institute, (d) a current model from Cleveland State University, and (e)
recent modeling by the team at Hospital for Special Surgery (Reproduced from [9]).

Fig. 4 Starting with the same data sets, each modeling and
simulation (M & S) team goes through a sequence of modeling
and simulation phases to come up with their own flavor of mod-
els representing the knee specimens of the data sets. The over-
arching goal of this study is to understand if the decisions of
the modeling teams influence simulation predictions, and their
interpretation to reach scientific and clinically relevant conclu-
sions. Dissemination of all modeling and simulation outcomes
and documentation of the whole lifecycle of the models will pro-
vide the opportunity to understand the source of variations in
modeling decisions and the motivations behind them.
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simulation results). It has the potential to uncover the art of knee
joint modeling. In this way, this document, and the project
described within, are aimed to raise awareness of subjectivity and
reproducibility in modeling and simulation, focusing on in silico
explorations of knee joint mechanics.

2 A Comprehensive Study

2.1 Overall Workflow. Comprehension of subjective deci-
sions in modeling and simulation and their impact on reproduci-
bility of the workflows necessitate a controlled study. Such an
investigation should minimize the variability of source data used
by different teams and it should promote substantive documenta-
tion and dissemination to characterize the art of computational
modeling. Recently, the co-authors of this manuscript launched a
multisite collaboration to characterize the variations in modeling
and simulation workflows and to document their influence on the
reproducibility of joint and tissue level predictions in computa-
tional knee biomechanics [42,43]. The intent of this project is to
answer a fundamental question of modeling and simulation: Do
the predictions of natural knee biomechanics depend on the mod-
eling decisions of separate development teams when the target
simulation scenarios and the source data to build models remain
the same? Five research teams, who are experienced in knee joint
modeling (Fig. 3), will separately model two knees relying on the
same data (Fig. 4). Modeling and simulation phases include model
development—to deliver initial working models, model calibra-
tion—to tune model parameters, model benchmarking—to evalu-
ate model performance, and model reuse—to understand the
utility of simulation for scientific and clinical decision making.
Specimen-specific data available to the teams will be limited to
data earmarked for the individual phases. Nonetheless, the teams
will be permitted to leverage literature and choose their own tools
and strategies for computational modeling. For each phase of the
modeling and simulation workflow, team-specific approaches will
be documented as specifications of the phase before conducting
any modeling activities. This documentation will be supported by
a record of protocol deviations that describe any changes to the
specifications as the phase proceeds. The outcomes of each mod-
eling and simulation phase (models, preprocessed data, etc.) will
be disseminated along with documentation. Third-party review of
workflow documentation and modeling outcomes will be con-
ducted by an independent group who will not be involved in the
modeling phases.

2.2 Data. The project leverages two existing data sets of knee
anatomy and mechanics: Open Knee(s) [44] and Natural Knee
Data [45]. Open Knee(s) provides data collected on eight cadaver
knees from eight donors. These data include anatomical imaging
based on magnetic resonance imaging modality [46]: general pur-
pose (3D T1-weighted without fat suppression), for cartilage (3D
T1-weighted with fat suppression), and for connective tissue (pro-
ton density acquired for three orthogonal planes). Spherical regis-
tration markers were attached to bones (three each) and were also
imaged. Mechanical testing data include tibiofemoral joint
kinematics–kinetics [47]: passive flexion (0–90 deg), joint laxity
(at 0 deg, 30 deg, 60 deg, and 90 deg flexion for internal–external
rotation, varus–valgus, and anterior–posterior translation), and
combined loading (at 0 deg, 30 deg, 60 deg, and 90 deg flexion;
permutations of internal–external rotation moments, varus–valgus
moments, and anterior–posterior drawer forces). Patellofemoral
joint kinematics–kinetics data are also available for quadriceps
loading (0–600 N) at 0 deg, 15 deg, 30 deg, 45 deg, and 60 deg
flexion, including patellofemoral contact pressures. Digitization
was performed during mechanical testing providing coordinates
of anatomical landmarks and spherical registration markers. Natu-
ral knee data were obtained from seven cadaver knees from five
donors. Anatomical imaging of the knee included computed
tomography and T2-weighted magnetic resonance scans.

Experimentation consisted of digitizing landmarks on the bone,
cartilage, and ligament attachments. Specific features were the
femoral and tibial bone surfaces; the articular surfaces of the
femur, tibia, and patella cartilage; and the attachment sites of the
anterior and posterior cruciate ligaments, and medial and lateral
collateral ligaments. Available mechanical data span tibiofemoral
joint kinematics and kinetics [8]: passive flexion (0–120 deg),
joint laxity at 0 deg, 15 deg, 30 deg, 45 deg, 60 deg, 75 deg, 90 deg,
and 120 deg flexion for internal–external rotation, varus–valgus,
and anterior–posterior translation, repeated passive flexion, and
laxity testing after sequential resection of the cruciate ligaments.
Patellofemoral mechanics data are also available that were
acquired under quadriceps loading as the tibia was flexed from
0 deg to 90 deg flexion [48]. This data set also includes measure-
ments after sequential resection of cruciate ligaments.

2.3 Modeling and Simulation. The modeling and simulation
workflow adapted for this project reflects the lifecycle of compu-
tational models in biomechanics research and innovation. The
four phases are described below. Before their execution, the teams
will reach a consensus agreement on the primary and secondary
deliverables of the phase and the extent of data that will be ear-
marked for it. Following dissemination of earmarked data, indi-
vidual teams will prepare and submit specifications to accomplish
the modeling stage in their own way, i.e., their procedures and
operational burden. Upon release of team specifications, modeling
and simulation activities will start. The teams are asked to docu-
ment and submit any protocol deviations. In addition, final and
intermediate products of the modeling and simulation stage,
including but not limited to computational models, geometric rep-
resentations, etc., will be disseminated.

2.3.1 Model Development. In the model development phase,
the participating teams aim to deliver initial working models.
Earmarked data include specimen-specific anatomical imaging
and possibly any other anatomical information measured by other
means, e.g., digitization of landmarks. If available, use of
specimen-specific tissue testing data can be considered. It is
anticipated that the teams will rely upon data from the literature to
define a complete model. Performing a sample simulation, e.g.,
passive flexion, ensures models are at a “working” condition. At
the end of this phase, dissemination of two knee models from
each team is anticipated along with preprocessed data for repre-
sentation of anatomy (image segmentation, geometry, and mesh)
and tissue mechanical behavior (constitutive models, tissue
stress–strain response, and tissue bulk response).

2.3.2 Model Calibration. The goal of the model calibration
phase is to obtain tuned knee models. The teams start with their
initial working models (the outcome of the previous phase) and
use specimen-specific joint kinematics–kinetics data to calibrate
model parameters that may otherwise be missing or uncertain,
e.g., ligament stiffness properties and slack lengths. Joint laxity
tests, available in Open Knee(s) and Natural Knee Data, can serve
for this purpose where model parameters can be updated to match
experimental data [8]. It is possible that the teams may choose to
update model parameters to match information available in the lit-
erature describing joint and tissue level function of the knee. The
outcome of this phase is a set of calibrated specimen-specific
models with documented fit errors. Updated model parameters,
and loading and boundary conditions of calibration related simula-
tions are part of phase outputs including any changes in anatomi-
cal and tissue mechanical representations.

2.3.3 Model Benchmarking. The model benchmarking phase
evaluates model performance against experimental data obtained
from the specimens that were modeled, which are intentionally
separated from data used in previous phases [49]. Open Knee(s)
data include multiplanar loading of the tibiofemoral joint and con-
tact pressure measurements for the patellofemoral joint, which
can be leveraged for this purpose. Natural Knee Data provide joint
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kinematics–kinetics after ligament resection, which is likely to be
used for benchmarking. Each team will perform simulations using
their calibrated models to quantify the performance of their mod-
els against data designated for benchmarking. The goal is to
obtain and disseminate benchmarked models with documented
benchmark error relative to the amount of data used for calibra-
tion, representing each team’s individualized workflow. Compari-
sons against literature are also welcome. Secondary outcomes of
the workflow are the representation of loading and boundary con-
ditions based on each team’s interpretation of the experiments
conducted on each cadaver knee specimen.

2.3.4 Model Reuse. In the model reuse phase, individual
teams will use their models for in silico investigations that have
scientific and clinical relevance. Four simulation cases were
selected to demonstrate the utility of the knee models. Simulations
of passive flexion (case I) target the ability of the models to pre-
dict knee joint kinematics–kinetics at low loads. Coupled move-
ments of tibiofemoral joint degrees-of-freedom to flexion angle
are well documented [50]. Models of natural knees should there-
fore reproduce such behavior, which is a property of knee
mechanics due to the structural arrangement of the ligaments and
the contact surface geometry of the tibiofemoral joint but may
also be influenced by coordinate system definitions. Pivot shift
simulations (case II) can be used to evaluate a model’s perform-
ance when predicting the ability of the anterior cruciate ligament
to stabilize the knee. The pivot shift exam is a common clinical
test [51] where the physician flexes the knee while applying inter-
nal rotation and valgus torques. In the intact case, the exam loads
the anterior cruciate ligament. If the anterior cruciate ligament is
compromised, an abrupt change in anterior–posterior translation
of the tibia relative to the femur should be observed during the
maneuver [51]. The third simulation case will reproduce loading
and boundary conditions of a weight-bearing, standing X-ray
(case III). This is a common clinical exam to understand the pro-
gression of osteoarthritis by evaluating joint space [52]. In this
simulation case, contact mechanics of the tibiofemoral joint (dic-
tated by cartilage and menisci) can be evaluated in addition to the
change in joint space due to loading. The final simulation scenario
imitates sit-to-stand (case IV) for evaluation of functional biome-
chanics of the knee during a common activity of daily living. Sit-
to-stand is a demanding weight-bearing activity for the young and
elderly [53], requiring a large range of knee extension. With this
simulation scenario, each models’ ability to predict tibiofemoral
and patellofemoral joint movement and loading in a functional
setting can be evaluated. Specimen-specific experimental data to
support these simulation cases are not necessarily available.
Therefore, the teams are challenged to rely on their expertise and
the literature to make modeling and simulation decisions, i.e., for
the implementation of loading and boundary conditions. All teams
are expected to disseminate customized models and simulation
results including predictions of joint kinematics–kinetics and tis-
sue mechanics.

2.4 Comparative Analysis. Full dissemination of intermedi-
ate and final modeling and simulation outcomes and extensive
documentation of each team’s processes provide a comprehensive
foundation for quantitative and qualitative comparisons. Simula-
tion results, in particular joint kinematics–kinetics predictions and
tissue mechanics metrics, can be used to evaluate predictive
capacity of the knee models. For the model calibration phase, fit
error provides an absolute metric to assess the performance of the
model, e.g., in the form of root-mean-square error. Similarly, for
the model benchmarking phase, specimen-specific mechanical
testing is available to quantify performance. When an experimen-
tal benchmark is not available, simulation results of individual
teams can be compared against each other using a generalized
Bland-Altman analysis to provide limits of agreement among mul-
tiple methods [54]. All these strategies provide the means to rank
performance of models for selected simulation cases or for all

cases. Any discrepancies in simulation results are likely a function
of differences in model components that span geometries, tissue
representations and material properties, and implementation of
loading and kinematic definitions. Variation of geometric repre-
sentations among models can be calculated using surface compari-
son techniques, e.g., Hausdorff distance [55]. Mechanics of the
same tissue component of different models can be compared at
the material level—based on constitutive parameters, and at the
structural level—based on the response of the tissue as a whole,
e.g., total ligament force. For loading and boundary conditions,
deviations in coordinate system representations can be calculated
along with differences in prescribed forces and moments, and dis-
placements and rotations.

Specifications and protocol deviations for each modeling and
simulation phase will be assessed to examine the reproducibility
potential of the workflow and to understand the art of modeling
and simulation. Reproducibility potential is likely to be related to
the completeness of information, which should state what the
model is, how it is built and evaluated, and what the simulation
conditions are. The documents can be compared to guidance in lit-
erature [6] to objectively evaluate the correspondence of the pro-
vided information against the minimum required to redo the work.
An interested party can access the earmarked data, follow the
specifications (and corresponding protocol deviations) to build
models and conduct simulations, and compare their modeling and
simulation outputs against those of the authors; resulting in an
additional test of reproducibility. To comprehend a modeler’s art,
one needs to understand the justifications behind modeling and
simulation decisions. Extraction of these justifications from the
documents provided by each individual team can facilitate quali-
tative comparisons at any given step of the workflow. It is impor-
tant to understand the burden of modeling and simulation as
accessibility to modeling software, expertise level, engineering
labor, and computational cost may influence modelers’ decisions.
This information can be inferred from the documents of individual
teams to quantify the economics of modeling and simulation.

Credibility and criticality of using knee models for scientifically
and clinically relevant investigations need to be assessed in a
holistic manner. This assessment relies on the final results of the
simulation studies (noted in model reuse phase) and depends on
the extent of documentation and the relevance of calibration and
benchmarking to reuse cases. It requires a comprehensive and dili-
gent examination of specifications, protocol deviations, and inter-
mediate and final outputs of modeling and simulation. The
computational modeling community has been actively developing
guidance on management of workflows [39], standards [56], veri-
fication and validation [57], and reporting [58]. A third-party
reviewer can assess the responsiveness and compliance of each
team to follow such guidance. The reviewer can also provide a
critique of the trustworthiness and utility of each team’s models,
processes, and simulation predictions. To this end, the project
relies on a collaboration with the U.S. Food and Drug Administra-
tion (FDA), where regulatory and scientific personnel can act as
an external and independent authority to evaluate and provide an
unbiased comparison of individual modeling and simulation
workflows, their outcomes, and trends across the groups.

3 Up-to-Date Progress

The project website provides an entry point for all activities
related to the comprehensive study [42]. The project workflow is
organized there and communications among the five contributing
teams are also summarized. Curation and dissemination of project
resources, specifically source data, each individual team’s docu-
mentation and models, and outreach materials, are conducted
through various sections of the web-based platform, which is sup-
ported by SimTK3.

3https://simtk.org/
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Contributing teams decided to use data from specimen oks003
of Open Knee(s) and specimen DU02 of Natural Knee Data. Spec-
imen oks003 represents a left knee of a 25 yr old female donor
(height: 1.73 m; mass: 68 kg; body mass index: 22.8). Specimen
DU02 represents a right knee of a 44 yr old male donor (height:
1.83 m; mass: 70.31 kg; body mass index: 21.02). Data from each
specimen have been compartmentalized and designated for differ-
ent stages of modeling. Staged dissemination of earmarked data
have been conducted through the project website [42].

The model development phase has started upon agreement of tar-
get outcomes by contributing teams [59]. Specific goals are (i) to
develop two initial working knee models (inclusive of tibiofemoral
and patellofemoral joints) (one using Open Knee(s) data, another
using Natural Knee Data), (ii) to conduct simulations of passive flex-
ion as a sample case, (iii) to document and disseminate the model
and model components, modeling and simulation processes, and
simulation results. The term “initial working model” refers to a
model that is completely defined to carry out preliminary simula-
tions. The teams are allowed to interpret the meaning of “passive
flexion” to decide upon the loading and boundary conditions of their
models for the simulation case. The earmarked data are limited to

only imaging data for oks003 of Open Knee(s) (general purpose, car-
tilage, and axial, coronal, and sagittal soft tissue magnetic resonance
image volumes) and both imaging and anatomical landmark data for
DU02 of Natural Knee Data (a T2-weighted magnetic resonance
image volume and a computed tomography volume, digitized land-
marks on the femur, tibia, and patella).

Each team has already submitted separate specifications for
processing each data set, before starting the execution of model
development activities. These a-priori submissions were aimed to
demonstrate their chosen path for modeling and simulation. By
providing their responses in relation to different data sets, model-
ing nuances based on variable data content and quality can be cap-
tured. The teams were asked to provide this documentation in a
detail such that other modeling teams can follow the steps to
reproduce the modeling and simulation outputs. They were also
asked to provide justifications to support their decisions and to
note software, hardware, and labor requirements. All these docu-
ments have been disseminated at the project site [60]. Gross eval-
uation of these documents already indicates the diversity of
software packages selected for generation of models and for simu-
lation (Table 1). Overlaps and differences in anatomical and

Table 1 Contributing teams propose to use a variety of software (proprietary or free and open source) for modeling and simulation
(M & S) activities during the model development phase

M & S Team 1 CC M & S Team 2 DU M & S Team 3 ABI M & S Team 4 CSU M & S Team 5 HSS

Anatomical
reconstruction

3D SLICER [61]
MESHLAB [62]

SIMPLEWARE

SCANIP [63]
Custom in

MATLAB [64]
3D SLICER [61]
MESHLAB [62]

MIMICS [65]
GEOMAGIC [66]

Meshing SALOME [67] HYPERMESH [68] MAP Client [69] IA-FEMESH [70] —
Scripting PYTHON

a
MATLAB [64] MATLAB [64] PYTHON

a
MATLAB [64]

Simulation FEBIO [71] ABAQUS [72] FEBIO [71] ABAQUS [72] ADAMS [73]

Note: Anatomical reconstruction includes activities for image segmentation and for generation of tissue surfaces. Meshing primarily refers to the generation of
three-dimensional volumetric finite element meshes. Scripting includes programing to assist model development and customization steps. CC, Cleveland
Clinic; DU, University of Denver; ABI, Auckland Bioengineering Institute; CSU, Cleveland State University; HSS, Hospital for Special Surgery.
ahttps://www.python.org/

Table 2 Model development specifications indicate variations in gross anatomical and mechanical representations of tissue
structures in models proposed by the modeling and simulation (M&S) teams

Anatomy Mechanics

Bone
M & S Team 1—CC Surface Rigid
M & S Team 2—DU Surface Rigid
M & S Team 3—ABI Surface Rigid
M & S Team 4—CSU Surface Rigid
M & S Team 5—HSS Surface Rigid

Cartilage
M & S Team 1—CC Solid volume Isotropic, nearly incompressible, hyperelastic
M & S Team 2—DU Solid volume Isotropic, nearly incompressible, linear elastica

M & S Team 3—ABI Solid volume Isotropic, nearly incompressible, linear elastic
M & S Team 4—CSU Surface Elastic foundation, linear
M & S Team 5—HSS Surface Rigid

Ligament
M & S Team 1—CC Solid volume Transversely isotropic, nearly incompressible, hyperelastic, with tension only fibers
M & S Team 2—DU Distributed lines surface Nonlinear tension only springs fiber reinforced membrane, tension only fibers
M & S Team 3—ABI Distributed lines Nonlinear tension only springs
M & S Team 4—CSU Distributed lines Nonlinear tension only springs, crosslinking with transverse springs
M & S Team 5—HSS Distributed lines Nonlinear tension only springs

Meniscus
M & S Team 1—CC Solid volume Transversely isotropic, nearly incompressible, hyperelastic, with tension only fibers
M & S Team 2—DU Not modeled. Not modeled.
M & S Team 3—ABI Distributed lines Linear tension only springs, equivalent resistance in anterior-posterior and medial-lateral directions
M & S Team 4—CSU Solid volume Transversely isotropic, linearly elastic
M & S Team 5—HSS Distributed surfaces Radially discretized set of rigid objects connected with three-dimensional linear springs

Note: CC, Cleveland Clinic; DU, University of Denver; ABI, Auckland Bioengineering Institute; CSU, Cleveland State University; HSS, Hospital for
Special Surgery.
Italic text is used to emphasize that the tissue structure is “not modeled” by the team.
aReported as addendum to specifications.
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mechanical representations of tissue structures can be observed
(Table 2). Subtleties of specific processes to obtain the same infor-
mation, i.e., when segmenting the boundaries of tissues (Fig. 5),
are documented.

A more detailed analysis of proposed modeling strategies, e.g.,
for the medial collateral ligament, demonstrates the diversity of
modeling choices. Two schools of thought in modeling and simu-
lation of ligaments [34] also emerge in the individual teams’
workflows. Four of the teams utilize a discrete, spring-based rep-
resentation of the ligament whereas one team relies on a
continuum-based representation of the whole ligament volume
(Table 2). Variations in anatomical and mechanical interpretation
of the medial collateral ligament exist even when the teams
belong to the same school of thought. The number of anatomical
bundles and the number of fibers to represent individual bundles
vary. Three teams model both the superficial and deep bundles;
one team only focuses on the superficial medial collateral liga-
ment. The number of fibers for each bundle ranges from three to
six. Some teams primarily rely on anatomical imaging data to

identify origin and insertion of the ligament while others leverage
literature on anatomical descriptions relative to bony landmarks.
Mechanical representation of the ligament for spring-based mod-
els is usually the same but stiffness properties vary depending on
the values cited from the literature. All teams acknowledge the
necessity to prescribe and eventually calibrate ligament slack
lengths (or in situ strain, its material counterpart). Initial choices
of these vary largely depending on the differences in the studies
that they rely on. A few of the teams acknowledge modeling deci-
sions that are specific to the medial collateral ligament, e.g., wrap-
ping around the bones (by three teams) and its attachment to the
medial meniscus (by two teams). Some of these modeling choices
are driven by computational cost, while others are based on the
desire to faithfully capture specimen-specific anatomy and to pre-
dict full field stress–strain response within the ligament. In some
cases, they are based on prior modeling success to mitigate risks
associated with convergence of simulations. It is possible that
each model yields an equivalent force-deformation response of
the medial collateral ligament independent of the modeling strat-
egy. A recent study however, reported that the fidelity of ligament
models can lead to large variability in predictions of joint level
kinematics and contact even when modeling decisions are made
within one research group [74]. Thus, predictions of ligament
forces, and their contributions to knee kinematics and kinetics,
might vary even more given the diversity of the modeling
approaches of the separate teams. The level of agreement across
groups is not yet determined and will be a focus of our work.

4 Potential Implications and Moving Ahead

This work reflects broader efforts by federal research agencies
including the National Institute of Health to ensure reproducibility
in the biomedical sciences [75]. The outcomes of a study to under-
stand the art of modeling and simulation in knee biomechanics
(and its influence on reproducibility and credibility) have implica-
tions that are broadly applicable in simulation-based research and
medicine. In one scenario, simulations conducted by different
models, which are based on the same data, will result in the same
conclusions. This outcome will confirm that the modelers art does
not have a substantial impact on scientific and clinical interpreta-
tion. Such a finding implies that a modeling and simulation strat-
egy that is convenient and responsive to available expertise,
resources, and protocols can be adapted. More divergent outcomes
are also possible, i.e., knee models built by different teams may
result in different conclusions in simulation studies that are scien-
tifically and clinically relevant. This finding would reflect con-
cerns of the scientific community regarding reproducibility in
biomedical research. This outcome would provide the knee mod-
eling community a valuable learning opportunity to increase the
reproducibility of modeling and simulation workflows. When
investigators model the same knee and rely on the same anatomi-
cal and mechanical data, they cannot use inherent variability in
modeled samples as a justification for heterogeneity in model pre-
dictions [76]. Instead, a comprehensive examination of modeling
and simulation protocols and their intermediate products need to
be conducted. The origins of deviations can be pinpointed by eval-
uating geometric and mechanical representations of individual
joint components, e.g., ligaments, cartilage, menisci, and loading
and boundary conditions.

An in-depth examination of modeling and simulation processes,
their data needs, and their outputs will have important implica-
tions on the economics of modeling and simulation, standards and
good practice guidelines, and data and model exchange require-
ments. If protocols, e.g., anatomy segmentation, are interchange-
able, one that requires lower amount of resources can be
recommended as a cost-effective strategy. Overlaps between
approaches may point toward a consensus for unification of knee
modeling. Differences may be objectively assessed to identify
minimum required fidelity of tissue representations, i.e., for
approximation of ligament function. A modeler may want to

Fig. 5 Sample images from proposed model development
specifications in regard to segmentation of ligaments: (a) the
team from the University of Denver proposes to segment the
posterior cruciate ligament using the paint tool in Simpleware
ScanIP [63]. The segmentation will be used to determine inser-
tion locations of springs, which will be refined using probed
point data and (b) the team from the Cleveland Clinic proposes
to use 3D Slicer [61] to manually segment the same ligament in
order to generate a full continuum representation of its volume.
It is interesting to note that both groups independently and
unknowingly chose the same ligament approximately at the
same image location to provide an example of ligament seg-
mentation. Image from University of Denver documentation was
cropped to match the bounds of the image from Cleveland
Clinic documentation.
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substitute a tissue representation, e.g., meniscus, with that of
another’s to enhance his/her virtual interpretation of the same
knee. This will motivate development of tools to facilitate switch-
ing between different data structures [77] and software formats
[78], therefore enabling model sharing in a grass roots manner.

A complete record of modeling and simulation activities along
with input data, resultant models, and simulation predictions has
important implications for reproducibility and credibility in com-
putational biomechanics. Journal articles may be limited to an
abridged description of simulation studies and models that they
depend on, even when performed in a systematic and comprehen-
sive manner [6]. When models are shared, simulations can be
repeated with ease [79]. Yet, reproducibility of model develop-
ment, calibration, and benchmarking processes can still be ques-
tionable. Completion of the proposed study will provide the
opportunity for anyone to test reproducibility by using the same
shared data, following the disseminated documentation (specifica-
tion and protocol deviations) to ideally reach the same simulation
results and/or conclusions. The multitude of competing implemen-
tations of the same virtual knee will likely enhance confidence
in the modeling practice, as also noted by broadly applicable
guidance initiatives in the biomedical modeling and simulation
community [39].

The deliverables of the proposed study can support regulatory
use of computational modeling in knee biomechanics and serve as
data and metadata to support regulatory science. The FDA is lead-
ing regulatory science initiatives, those that help to establish tools,
methods and approaches to assess the safety, efficacy, quality, and
performance of FDA-regulated products [80]. The FDA calls out
for specific uses of modeling and simulation to better predict
product safety and efficacy, including computational representa-
tion of an anatomical or physiological structure, such as the
human knee, where medical devices can be virtually implanted
and evaluated for performance. Within the last few years, the
Center for Devices and Radiological Health (CDRH) has recog-
nized computational modeling as a regulatory science priority
[81], where simulation evidence would be used to support the
marketing application for the medical device (relying on the
FDA-recommended specific format for the report) [58]. A model-
ing and simulation platform might be considered a “nonclinical
assessment model” as part of the medical device development
tools program [82], which supports the qualification of tools that
aid medical device evaluation. Synergistically, the Office of Sci-
ence and Engineering Laboratories, the research arm of CDRH,
has dozens of ongoing research projects to advance scientific
aspects of computing, and verification and validation (V & V)
methodologies to assess the credibility of modeling and simula-
tion [83]. The FDA has provided leadership to support the
advancements of credibility methods, such as V & V through the
ASME V & V 40 subcommittee [84], which focuses V & V for
modeling and simulation applied to medical devices. The new
ASME V & V 40 standard has been published recently [57], pro-
viding a framework for determining the amount of rigor (in terms
of V & V) needed to support using a computational model for a
specific context of use. Outcomes of knee modeling and simula-
tion processes and the way they are described herein can be used
as exemplars of existing regulatory guidance and may support
mock reviews aimed for training.

The immediate impact of deciphering the art of simulation-
based knee biomechanics is founded on the need for increased
dependability and quality of knee models. Through public dissem-
ination, different types of knee models and related simulation
workflows will become available to scientists, clinicians,
and trainees for any particular use. Detailed documentation of
implementation details and motivation and justification behind the
preferences of modelers will eventually lead to standardization
and best practices of knee modeling, facilitating exchange, and
repurposing.

Description of a variety of knee modeling workflows and deliv-
ery of their outcomes are ongoing at the public project site [42].

The collaborating teams look forward to engaging with the
broader knee biomechanics community to establish a collective
understanding of the art and reproducibility of knee modeling.
Any interested party is invited to submit their own modeling and
simulation workflows, i.e., their art, to build models and conduct
simulations, from start to end, using the disseminated data and
simulation goals. Knee modelers are encouraged to follow proto-
cols already submitted by the teams to test their reproducibility.
This exercise may be particularly useful for trainees. While learn-
ing the art of modeling, they can contribute to the science of
modeling and simulation in knee biomechanics. Of course, this
approach and the insights gained in the practice of modeling and
simulation can be applied in other musculoskeletal joints and
organs, and to different modeling modalities.
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