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Reproducibility is an indispensable requirement of the scientific method, which has enabled the vast expansion in 

human knowledge over the last millennium. If the results and conclusions of a scientific investigation cannot be 

reproduced, a ground truth has not been established, and a secure, actionable belief about a phenomenon is 

impossible[1]. Recently, the inability to reproduce preclinical findings across diverse fields has been a point of 

concern in the scientific community[2]. Examples of irreproducibility range from psychology experiments[3], to 

animal models[4], to microarray and cell-based studies[5]. These cases merit attention because scientific 

advancement relies on robust, new knowledge that can garner the confidence and support of the public[6]. Both 

are challenged when fundamental research findings cannot be reproduced.  

The reproducibility problem has gained significant attention in the field of modeling and simulation (M&S) as these 

powerful tools become widely adopted for scientific discovery and for clinical care. M&S of the knee, for example, 

has advanced over the last four decades from a small community using code developed in-house to broadly-used, 

commercial and open source software suites that are widely-employed in academia and industry[7-9]. As we strive 

to use M&S of the knee clinically in treatment decision-making, establishing reproducibility of these tools takes 

on added importance. The workflow for M&S of the knee involves model development, evaluation, and simulation 

processes. This workflow relies on objective scientific principles, but commonly requires the intuition of the 

modeler during implementation. This so-called ‘art of modeling’ may consist of subjective decisions acquired 

through experiential learning and limited by constraints, such as time, software and hardware resources, and 

complexity, all with the end application (research question or design criteria) in mind. These decisions introduce 

uncertainties in the modeling workflow and can impact reproducibility of the mechanical predictions from joint 

level kinetics to tissue level stresses.  

Consider, for example, the range of decisions and the number of steps that the modeler faces to describe a single 

constituent of the knee such as the medial collateral ligament (MCL). First, the modeler must extract its shape and 

insertions using dissections, anatomical atlases, or segmentation of medical scans. Next, the modeler must 

describe the material formulation of the MCL and its mechanical implementation, e.g., 3D elements, 2D 

membranes, or nonlinear springs. Material properties, which vary widely from person to person, must also be 

selected. This is but a small subset of the decisions a modeler must make to derive a model of the knee.  

To begin to address the reproducibility problem and the impact of modeling decisions, five independent research 

teams are documenting their knee M&S workflows to address a fundamental question concerning the ‘art of 

modeling’ and its potential impact on reproducibility: “Do the predictions of natural knee biomechanics depend 

on the modeling decisions of separate development teams when the target simulation scenarios and the source 

data to build models remain the same?” To this end, each team in this NIH-funded research is independently 

modeling two knees relying on the same data. This cross-institutional effort, hosted on the SimTK 

infrastructure[10, 11], will reveal the state of reproducibility in M&S of the knee focusing on whole joint and tissue 

mechanics. This project will enable curation of all aspects of the M&S workflow through its lifecycle including 

specifications, protocol deviations, source data, intermediate and final outcomes (model components, models, 

simulation results), and model reuse scenarios. Interested parties are invited to submit their own modeling and 

simulation workflows, i.e., their 'art', to build models and conduct simulations using the disseminated data and 

simulation goals. This research will lead to standardization and best practices for reproducible modeling of the 

knee, facilitating model exchange and repurposing in the modeling community. 
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Reproducibility in Modeling and Simulation of the Knee: A Regulatory Perspective 
Andrew Baumann, PhD | Food and Drug Administration | Silver Spring, MD 

Many orthopaedic devices require regulatory approval or clearance prior to marketing. This review process often 

involves mechanical performance testing to demonstrate the structural integrity of the device before the 

regulating agency can determine it is safe and effective for public use. Devices for knees are often evaluated in 

this manner. These mechanical performance tests are traditionally performed “on the bench,” using load frames, 

fixtures, and physical test specimens. Benchtop tests have existed for many years. The community has published 

standards and guidance documents specific to knee devices which detail the accepted way to perform bench tests 

[1-7]. Device manufacturers are familiar with conducting these tests and regulating agencies are familiar with 

evaluating the results. As such, there tends to be a high level of consistency and reproducibility in the tests. This 

facilitates efficient review, clearance, and marketing of knee devices. 

However, despite its effectiveness, bench testing can be time and resource expensive. This has led to the use of 

computational modeling and simulation in regulatory submissions to support and supplement mechanical 

performance testing. Computational modeling and simulation techniques, like finite element analysis and 

computational fluid dynamics, allow medical device manufacturers to test devices in a virtual framework at a 

reduced cost. Modeling and simulation enables rapid changes to test parameters and provides results that would 

otherwise be inaccessible. Manufacturers of knee devices are using finite element analysis to simulate traditional 

mechanical performance testing. This can be a very effective way to test a large number of similar designs to 

determine the worst-case device for subsequent loading on the bench. As such, the benefits of finite element 

analysis will continue to increase its use in the regulatory evaluation of knee devices. 

Still, while bench testing has had years of refinement to achieve reproducibility, finite element analysis is 

comparatively new to knee device testing. Only one standard exists for finite element analysis of knee components 

[8]. Therefore, modelers must often make their own decisions when building a computational framework instead 

of following an established set of guidelines. The decisions that modelers make vary widely from one person to 

another, leading to a variety of different simulations and outcomes. This decision making, or “art of modeling,” 

limits the consistency of finite element models. Reproducibility tends to decrease as modeler decision making 

increases. As such, regulators are burdened by inconsistent modeling techniques that must be interpreted on an 

individual basis. The computational modeling community should focus on reproducibility and more trustworthy 

simulations. Current efforts to publish computational modeling standards, guidance documents, and best 

practices have the potential to increase reproducibility [9, 10]. Stakeholders must invest in these tools to make 

modeling and simulation more reproducible now, such that future simulations may become more consistent and 

have greater credibility in a regulatory framework. 
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Reproducibility in Modeling and Simulation of the Knee: An Industry Perspective 
Cheryl Liu, PhD | Stryker Orthopaedics | Mahwah, NJ 

From the industry perspective, reproducibility of clinical outcome of a given implant or procedure is one of the 

key credibility assessments of knee models.  Knee models are used to evaluate new implants and procedural 

solutions by simulating the effect of changes in model inputs, such as implant geometries, positioning of the 

implants or preservation of soft tissues, on model outputs that reflect the clinical outcome of current solutions, 

such as stresses in the implant or tissue, relative motions between implant components, or relative motion 

between implant and surrounding tissue. From model reproducibility perspective, this is mostly demonstrated in 

the end applications of the knee models. However, there are information in the knee model creation, calibration 

and validation process that may be used to assess reproducibility in the proposed end application of the models.  

One of the reasons reproducibility of knee model is difficult is because we are solving an indeterminate system. 

There are numerous soft tissue structures around the knee and each structure has several parameters to describe 

its behavior. The number of experiments that can be conducted to calibrate these unknowns is smaller than the 

number of unknowns for cadaveric knee models and even smaller for in vivo knee models. Different labs 

participating in the project may generate different knee models using the same set of experimental data because 

there are many feasible solutions for the indeterminate system. Knowing the model we have is not the unique 

solution, it’s important to quantify uncertainties of key input parameters and their effect on key output 

parameters for proposed applications.  

Output parameters that the industry is interested in used to be mostly related to durability of the implants such 

as peak stress, micromotion, contact pressure and contact area in the implants. In those scenarios identifying the 

worst-case condition is the key step prior to any testing or analysis. With the industry putting more and more 

focus on improving patient satisfaction and quality of life, additional kinematic quantities of interests such as 

range of motion, stability and soft tissue balancing are being evaluated in addition to durability factors. These 

output parameters as well as input parameters for knee models are patient-specific. A library of heterogeneous 

patient-specific models is required to evaluate the clinical outcomes in these scenarios. When building a library of 

models, it’s important to demonstrate reproducibility in the entire process from model creation and calibration 

to model validation. 
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