
���������������	�
�	��

���
�����������������������	���������
�	���������������������
��������
�������	�
�����
�������������������
���������	�
�
�������������

� �	�����������������
�	���
�!���"�����������#�����
������

���������������	���
�����
���


���������������
����
�$�	�������	�������������
�������%�&��

�������	��������������������������
�'�(�'�)

���������������������	��������
�������������*�*���
���&�
�	���*�������������*�*���
���&�
�	���*�+�(�&�)�,�'�,�*�������-�������(�(�(�.�/�(�.�/�,

�����������
�������	���������
����
�������0�
�����	���������������1�
�����0�
�#�#���	�����
�����2������� ���	�#����������

�������������
�������3�
�������������	�
���������
�4���
�#�
�������
���������4���
�������
�3�����
�
�����!�	�
�#�������������������5�4�	���������6�������
�	�������0�
�������������
���&
�7�
�	���#�
�	���������!�
�	�#�
�����
�������������
���������
�����4�������������������	�#�����
�!���4�����&

https://orcid.org/0000-0002-5511-4983
https://doi.org/https://doi.org/10.3929/ethz-b-000640649
http://rightsstatements.org/page/InC-NC/1.0/
https://www.research-collection.ethz.ch
https://www.research-collection.ethz.ch/terms-of-use


���*��� �'�'�$�)�"�����1� �-�4����� ���-�w
�
�)�����$�'�$���*�v���
�)�����$�/�-�*�v�����)�����
�)�����$�1�*
���+�+�-�*�����#� �.���/�*�����-� ���$���/
��� ���-���*�!�����)� � ���
�(�+�'���)�/�.

���$���#��� �'�����u�����-� �4� �-�v ���$�.�.�u�������	���A�H�D�F�C



DISS. ETH NO. 29574

���*��� �'�'�$�)�"�����1� �-�4����� ���-�w��
�
�)�����$�'�$���*�v���
�)�����$�/�-�*�v�����)�����
�)�����$�1�*�����+�+�-�*�����#� �.��

�/�*�����-� ���$���/����� ���-���*�!�����)� � ���
�(�+�'���)�/�.

A thesis submitted to attain the degree of

DOCTOR OF SCIENCES
(Dr. sc. ETH Zürich)

presented by

MICHAEL JOSEPH DREYER

MSc ETH Mechanical Engineering, ETH Zurich

born on 30.10.1994

accepted on the recommendation of

Prof. Dr. William R. Taylor
Bernhard Weisse
Dr. Jörn Seebeck

2023



ii

Acknowledgements
Looking back at the years of my doctorate, I am grateful to many people. It has been a 
privilege to perform this multifaceted research with such a supportive and expert 
team, and this project would not be what it is without them.

Firstly, �
�•���� �'�$�&� �� �/�*�� �����&�)�*�2�'� ���"� �� ���(�+���� ���)���� �����	�� ���0�-�$���#�� �!�*�-�� �!�0�)���$�)�"�� ���)���� �#�*�.�/�$�)�"�� �/�#�$�.��
project. Moreover, the experimental work would not have been possible without the 
generous support of multiple institutions: Zimmer Biomet provided samples and 
performed testing, the RMS foundation provided access to their equipment, and the 
Schulthess Clinic granted access to their retrievals. I thank all of them!

Secondly, I would like to thank the students and interns I had the pleasure of working 
with over the years. Dominik, Simon, Thordis, Mirjam, José, Pablo, and Fernanda�Œ
Thank you for your hard work and valuable contributions! I learned a lot from working 
with you, and I wish you all the best for the future.

Additionally, this work has profited immensely from the help and guidance of my
collaborators. Rowena, thank you for all the surface analyses, for teaching me about 
tribological testing, and for your readinessto just run a quick experiment. Roman and 
Thomas, thank you for hosting and guiding our pin-on-disk experiments at the RMS 
Foundation for a year and for watching over them �2�#� �)���2� ���2� �-� �)�•�/���/�#� �-� �uThank you 
to the team at Zimmer Biomet: To Philippe for helping set up this collaboration and
teaching me about verification and validation. To Fabian, for thoroughly planning the 
knee simulator test. And to Paul and Petra for extra materials and data for the retrieval 
analysis. Nils and Dr. med. Stefan Preiss from the Schulthess Clinic, thank you for 
giving me clinical insights and access. Observing you during surgery is an experience I 
�2�*�)�•�/���.�*�*�)���!�*�-�"� �/.

I also greatly enjoyed the camaraderie of my colleagues at both the Laboratory for 
Mechanical Systems Engineering and the Laboratory for Movement Biomechanics. 
Bernhard and Ameet, thank you for much professional and personal advice over the 
years, I could always count on you. Pascal, thank you for helping me make sense of all 
the datasets. Colin, Hamed, and members of the computational biomechanics group, 
thank you for the modelling support and ideas over the years, and of course for the 
fun after-work barbecues and beers.

Apart from good colleagues, supervisors are essential to a successful and rewarding 
doctoral study. I was lucky to have two great ones. Bernhard and Bill, you had answers 
where I was uncertain, set up collaborations to drive my project forward, and trusted 
me to make my own decisions. I have learned much from you regarding collaborative 
approaches, scientific language, and leadership. I am deeply grateful for your support 
and guidance throughout the years.

Thanks to Sara and all my friends for encouraging me but also distracting me from 
work, allowing me to come back with a fresh set of eyes. Finally, thank you Mama and 
Papa forgranting me the education that enabled me to pursue this doctorate and for 
your loving and unwavering support.



iii

Contents

Acknowledgements ii

Contents iii

Summary iv

Zusammenfassung vi

Prologue 1

Chapter 1 European Society of Biomechanics S.M. Perren Award 2022: 
Standardized Tibio-Femoral Implant Loads and Kinematics 11

Chapter 2 Anomalous Wear Behavior of UHMWPE during Sliding against CoCrMo 
under Varying Cross-Shear and Contact Pressure 27

Chapter 3 A Novel Method to Accurately Recreate in vivo Loads and Kinematics in 
Computational Models of the Knee 45

Chapter 4 Experimental and Computational Evaluation of Knee Implant Wear 
and Creep Under In Vivoand ISO Boundary Conditions 57

Chapter 5 The Influence of Implant Design and Limb Alignment on In VivoWear 
Rates of Fixed-Bearing and Rotating-Platform Knee Implant Retrievals 73

Epilogue 89

Supplementary Materials 95

Bibliography 107

Statement of Originality 119

About the Author 120



iv

Summary
Total Knee Arthroplasty is a common surgical procedure for managing arthritis, 
providing pain relief and improved functionality to patients through implantation of a 
joint replacement. However, wear of the polyethylene (PE) inlay of knee implants 
poses clinical challenges, including the potential for implant failure and revision 
surgeries. Not only understanding, but also the ability to predict wear outcomesin 
knee implants is crucial for guiding implant design, regulatory approval, and clinical 
decision making.In vitrowear simulations are realistic, but slow and laborious, while 
in silicomodelling is fast and accessible, but limited by model sensitivity and lack of 
input data. In this work, we applied these complementary approaches to "modelling 
every wear": We fitted statistical models to in vivowear outcomes, performed in vitro
testing, and built state-of-the-art computational wear models. Across these domains, 
we provide novel tools and realistic data, striving towards accurate predictions of in 
vivoPE wear.

To provide realistic and practically usable input data for experimental testing, we 
generated a representative summary of the CAMS-Knee datasets, the largest 
collection of knee implant kinematics and tibiofemoral contact loads measured in vivo
for six subjects and five activities. The�'�*�����.���*�!���/�#� �����-� ���/� �����.�/���)�����-���$�5� �����.�0���%� ���/���‚���/���)�ƒ��
are similar to earlier datasets, but valuably complemented by synchronized 
kinematics. Compared to the ISO �@�C�A�C�B���.�/���)�����-�����'�*�����.�v�����/���)�•�.loads areup to +56% 
higher, while the kinematics exhibit markedly different curve shapes. Application of 
���/���)�•�.���&�$�)� �(���/�$���.�����)����the ISO standard loads to a knee simulator wear test revealed 
not only visibly different wear locations on the articulating surface, but also 
���+�+�-�*�3�$�(���/� �'�4�� �/�#�-� � �� �/�$�(� �.�� �#�$�"�#� �-�� �2� ���-�� �-���/� �.�� �!�*�-�� ���/���)�•�.�� ���*�0�)�����-�4�� ���*�)���$�/�$�*�)�.�uWhile 
�!�0�-�/�#� �-���/� �.�/�$�)�"���0�)��� �-�����/���)�•�.�����*�)���$�/�$�*�)�.���$�.���)� ��� �.�.���-�4���/�*���.�0���.�/���)�/�$���/� ���/�#�$�.�v���/hese initial 
results indicate that the ISO standards may not be fully representative ofin vivo
loading and damage.

In a different experiment, we performed an array of pin-on-disk tests to quantify the 
influence of contact pressure and cross-shear, i.e. multidirectional sliding, on the 
mechanism and volume of PEwear. Wear was found to strongly increase when going 
from unidirectional to multidirectional sliding and, contrary to the classical Archard 
law, not proportionally increase with increasing contact pressure, but increase less at 
higher pressures. This was due to the formation of hardened protrusions on the PE
surface at higher pressures, which afford some protection of the surface. To the wear 
results, an empirical model of PE wear as a function of cross-shear and contact 
pressure was fitted to serve as input data for computational wear models.

The empirical PE wear model was then used as input toa computational wear 
prediction algorithm based on finite-element models of the implant under 
physiological load and motion. This algorithm can model the change in surface 
geometry due to nonlinear wear and long-term plastic creep of the PE, the following
change in contact mechanics, and the resulting interaction with subsequent wear 
damage. Verification and validation were carried out against the knee simulator test 
with the Stan and ISO boundary conditions. While a force-controlled ISO model was 
unable to mirror the bench test kinematics and thus wear rate, displacement-
controlled models accurately predicted experimental wear rates for both ISO and Stan 
boundary conditions. This analysis confirmed thatin silico wear models are very 
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sensitive to even small errors in relative tibiofemoral motion, and that accurate 
reproduction of in vivojoint kinematicsis crucial while some deviation of the contact 
loads may be permissible.

If in vivocontact kinematics can be modelled, realistic computational predictions of 
implant wear are thus possible. To this end, we developed a novel technique to control
the load and kinematic boundary conditions applied to computational models of 
joints. In the combined Load- and Displacement-Controlled method with Springs 
(LDCS), joint contact loads are applied to the model components directly. Then,
motions are applied in the same directions as the loads, which would be not possible 
with conventional control methods. This is achieved by applying the motions through 
nonlinear springs, which mediate a balance between the applied loads and kinematics 
and also prevent propagation of any measurement noise present in the joint
kinematics to the contact locations. The LDCS method reduced load and motion 
errors by a factor of two or more compared to conventional approaches and thus 
presents clear advantages for modelling tibiofemoral contact and wear.

Lastly, we analysed inlays retrieved from revision surgery to quantify in vivowear, not 
only providing comparative data for in silicoand in vitro wear simulations, but also 
providing direct evidence of the effect of clinical parameters like choice of implant 
design and mechanical axis limb alignment on personal wear outcomes. To this end, 
we validated and employed a surface reconstruction approach to obtain the 
distribution and volume of wear on the articulating surface of the polyethylene inlays. 
We found that rotating-platform inlays experienced a significant 39% lower wear rates 
in situ than fixed-bearing implants, likely due to the rotational freedom which 
mediates alignment of a rotating inlay to the femoral component, thus reducing 
contact stresses and motion. Limb alignment, on the other hand, was only non-
significantly related to overall wear rates, though there was a slight trend of varus-
aligned specimens showing more wear damage. However, limb alignment did 
significantly alter the mediolateral distribution of wear, with varus alignment resulting 
in predominantly medial compartment wear. Our analysis also revealed considerable 
inter-patient variability, likely due to patient-specific factors like level of activity which 
were not included in our statistical model.

In summary, this research has both added to the wear prediction toolbox by providing 
validated computational tools and has presented novel in vivo data to enable and 
validate wear simulations. With Stan, we have provided input data for experimental 
and computational knee implant wear simulations, where we also found in silicowear 
models to be sensitive to errors in joint kinematics. With the LDCS method, we 
provided a modelling technique to drastically reduce such errors when replicating in 
vivo joint kinematics in a computational model. Lastly, investigating how various 
parameters affect PE wear, we found contact pressure and multidirectional sliding as 
well as limb alignment and implant design to influence wear outcomes.

Further experimental and computational studies aiming to truly predict in vivowear 
should attempt to account forthe observed variability between patients and the 
sensitivity of models to changed input conditions by including multiple patients, 
activities, and repetitions in simulations of implant wear driven by accurate joint 
kinematics.
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Zusammenfassung
Die totale Kniearthroplastik ist ein gängiger chirurgischer Eingriff zur Behandlung von 
Arthritis, der den Patienten Schmerzlinderung und verbesserte Funktionalität durch 
die Implantation eines Gelenkersatzes bietet. Allerdings stellt Verschleiss der
Polyethylen (PE) Inlays von Knieimplantaten klinische Herausforderungen dar, 
einschliesslich des potenziellen Versagens des Implantats und notwendiger 
Revisionseingriffe. Nicht nur ein Verständnis, sondern auch die Fähigkeit zur 
Vorhersage des Verschleisses bei Knieimplantaten ist entscheidend für die 
Entwicklung von Implantaten, regulatorische Zulassung und klinische 
Entscheidungsfindung. In vitro Verschleissversuche sind realistisch, aber langsam und 
aufwändig, während in silico Modellierung schnell und zugänglich ist, jedoch durch 
Modellsensitivität und Mangel an Inputdaten limitiert ist. In dieser Arbeit wurden diese 
komplementären Ansätze zur Modellierung von Verschleiss angewendet: In vivo
Verschleissergebnisse wurden statistisch modelliert, in vitro Tests durchgeführt und 
rechnerische Verschleissmodelle erstellt. In all diesen Bereichen präsentieren wir 
neuartige Methoden und realistische Daten, mit dem Ziel, genaue Vorhersagen über in 
vivoPE Verschleisszu ermöglichen.

Um realistische und praktisch anwendbare Inputdaten für experimentelle Tests 
bereitzustellen, wurde eine repräsentative Zusammenfassung der CAMS-Knie-
Datensätze erstellt, der grössten Sammlung von Knieimplantat-Kinematiken und 
tibiofemoralen Kontaktlasten, gemessen in vivo bei sechs Probanden und fünf 
Aktivitäten. Die Lasten desso erstellten standardisierten Probanden "Stan" ähneln
früheren Datensätzen, werden aber durch synchronisierte Kinematiken wertvoll 
ergänzt. Im Vergleich zu den ISO 14243 Standardlasten sind Stans Lasten bis zu +56% 
höher, während die Kinematik deutlich unterschiedliche Kurvenformen aufweist. Die 
Anwendung von Stans Kinematik und der ISO Standardlasten auf einen Knie-
Simulator-Verschleisstest zeigte nicht nur sichtbar unterschiedliche 
Verschleissstellen auf der Oberfläche, sondern auch etwa dreimal höhere 
Verschleissraten unter Stans Randbedingungen. Obwohl weitere Tests unter Stans 
Bedingungen notwendig sind, um dies zu bestätigen, deuten diese ersten Ergebnisse 
darauf hin, dass die ISO-Standards möglicherweise nicht vollständig repräsentativ für 
in vivoBelastungen und Schäden sind.

In einem weiteren Experiment wurde eine Reihe von Pin-on-Disk-Tests durchgeführt, 
um den Einfluss von Kontaktdruck und Cross-Shear, also multidirektionaler 
Relativbewegung, auf den Mechanismus und das Volumen des PE-Verschleisses zu 
quantifizieren. Der Verschleiss nahm beim Übergang von unidirektionalem zu 
multidirektionalem Gleiten stark zu und stieg entgegen dem klassischen Archard-
Gesetz nicht proportional mit steigendem Kontaktdruck, sondern weniger stark bei 
höheren Drücken. Dies war zurückzuführen auf die Bildung von verhärteten
Erhebungen auf der PE-Oberfläche bei höheren Drücken, die einen gewissen Schutz 
der Oberfläche darstellten. An die Verschleisswerte wurde eine empirische Funktion 
für PE-Verschleisse als Funktion von Cross-Shear und Kontaktdruck angepasst, die als 
Input für rechnerische Verschleissmodelle dienen kann.

Das empirische PE-Verschleissmodell wurde dann als Input für einen rechnerischen 
Verschleissvorhersagealgorithmus verwendet, der auf Finite Elemente Modellen des 
Implantats unter physiologischer Belastung und Bewegung basiert. Dieser 
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Algorithmus kann die Veränderung der Oberflächengeometrie aufgrund von 
nichtlinearem Verschleissund langfristigem plastischem Kriechen des PE, die daraus 
resultierende Änderung in der Kontaktmechanik und die daraus resultierende 
Wechselwirkung mit nachfolgenden Verschleissschäden modellieren. Verifizierung 
und Validierung wurden gegen die Knie-Simulator-Tests mit den Stan und ISO 
Randbedingungen durchgeführt. Während ein kraftgesteuertes ISO-Modell nicht in 
der Lage war, die Kinematik und somit Verschleissrate, die im Versuch gemessen 
wurden, zu reproduzieren, konnten weggesteuerte Modelle die experimentellen 
Verschleissraten sowohl für ISO als auch für Stan Inputs genau vorhersagen. Diese 
Analyse bestätigte, dass in silicoVerschleissmodelle sehr empfindlich auf selbst kleine 
Fehler in der relativen Tibiofemoralbewegung reagieren und dass eine genaue 
Reproduktion der in vivo Gelenkkinematik massgeblich ist, während eine gewisse 
Abweichung der Kontaktlasten zulässig sein kann.

Wenn die in vivo Kontaktbedingungen modelliert werden können, sind realistische 
rechnerische Vorhersagen des Implantatverschleisses möglich. Zu diesem Zweck 
haben wir eine neue Technik zum Aufbringen der Last- und Bewegungs-
Randbedingungen entwickelt, mit denen Computermodelle von Gelenken gesteuert
werden. In der kombinierten �‚�
�*����- and Displacement-Controlled method with 
���+�-�$�)�"�.�ƒ���—�
�������˜werden Gelenkkontaktlasten direkt auf die Komponenten im Modell 
aufgebracht. Anschliessend werden Bewegungen entlang der gleichen Richtungen 
wie die Lasten aufgebracht, was mit herkömmlichen Steuerungsmethoden nicht 
möglich wäre. Dies wird erreicht, indem die Bewegungen durch nichtlineare Federn 
aufgebracht werden, die ein Gleichgewicht zwischen den aufgebrachten Lasten und 
Kinematiken herstellen und auch ein Fortpflanzen von eventuell vorhandenem 
Messrauschen in der Gelenkkinematik zu den Kontaktpunkten verhindern. Die LDCS-
Methode reduzierte Last- und Bewegungsfehler um einen Faktor von zwei oder mehr 
im Vergleich zu herkömmlichen Ansätzen und bietet damit klare Vorteile für die 
Modellierung von Tibiofemoral-Kontakt und Verschleiss.

Zuletzt wurden Inlay-Retrievals, die bei Revisionsoperationen entnommen wurden, 
analysiert, um den in vivo Verschleiss zu quantifizieren. Somit wurden nicht nur 
Vergleichsdaten für in silico und in vitro Verschleisssimulationen bereitgestellt, 
sondern auch direkte Nachweise für die Effekte von klinischen Parametern wie der
Wahl des Implantatdesigns und der mechanischen Achsausrichtung des Knies auf 
patientenspezifischen Verschleisserbracht. Zu diesem Zweck wurde eine Methode zur 
Rekonstruktion der unbeschädigten Oberfläche validiert und verwendet um die 
Verteilung und das Volumen des Verschleisses auf der Oberfläche der PE Retrievals zu 
ermitteln. Wir stellten fest, dass Rotating-Platform Inlaysin situ eine um signifikant 
niedrigere (-39%) Verschleissrate aufwiesen als Fixed-Bearing Inlays, wahrscheinlich 
aufgrund der frei möglichen Rotation, die eine Ausrichtung des drehbaren Inlays zur 
Femurkomponente ermöglicht, wodurch Kontaktspannungen und 
Relativbewegungen reduziert werden. Die Achsausrichtung des Beins hingegen hatte
nur einen nicht-signifikanten Effekt auf die Verschleissrate, auch wenn es einen 
leichten Trend gab, dass Varus-ausgerichtete Inlays mehr Verschleiss zeigten. 
Allerdings veränderte die Achsausrichtung des Beins signifikant die mediolaterale 
Verteilung des Verschleisses, wobei Varus-Ausrichtung hauptsächlich medialen 
Verschleiss verursachte. Unsere Analyse offenbarte auch erhebliche Variabilität
zwischen Patienten, wahrscheinlich aufgrund patientenspezifischer Faktoren wie 
Aktivitätsniveau, die in unserem statistischen Modell nicht berücksichtigt wurden.
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Zusammenfassend hat diese Forschungsarbeit sowohl validierte rechnerische 
Werkzeuge zur Vorhersage von Verschleiss beigetragen als auch neuartige in vivo
Daten präsentiert, um Verschleisssimulationen zu ermöglichen und zu validieren. Mit 
Stan haben wir Inputdaten für experimentelle und rechnerische Knieimplantat-
Verschleisssimulationen bereitgestellt. Dabei wurde auch festgestellt, dass in silico
Verschleissmodelle empfindlich auf Fehler in der Gelenkkinematik reagieren. Mit der 
LDCS-Methode haben wir eine Modellierungstechnik zur Verfügung gestellt, um solche 
Fehler bei der Reproduktion der in vivo Gelenkkinematik in einem rechnerischen 
Modell drastisch zu reduzieren. Schliesslich haben wir bei der Untersuchung wie 
verschiedene Parameter den PE-Verschleiss beeinflussen festgestellt, dass 
Kontaktdruck und multidirektionale Relativbewegung sowie die Achsausrichtung des 
Beins und das Design des Implantats die Verschleissrate beeinflussen.

Künftige experimentelle und rechnerische Studien, die darauf abzielen, in vivo
Verschleiss vorherzusagen, sollten nach Möglichkeit die beobachtete Variabilität 
zwischen den Patienten und die Sensitivität der Modelle auf veränderte 
Inputbedingungen berücksichtigen, indem sie mehrere Patienten, Aktivitäten und 
Wiederholungen in Simulationen des Implantatverschleisses, gesteuert durch genaue 
Gelenkbewegungen, einbeziehen.
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Prologue

Knee Implants
Total Knee Arthroplasty (TKA) is a highly effective and common surgical 
procedure for treating knee osteoarthritis, rheumatoid arthritis, and post-inj ury 
soft tissue degeneration. TKA offers pain relief, improved joint fu nction, and 
enhanced quality of life [1]. Therefore, driven by the high incidence of kn ee 
arthritis, the yearly demand for TKA is close to a million [2] and is projected to 
continuously increase [3,4].

The knee implants used for TKA consist of femoral, tibial, and often patellar 
components made from biocompatible materials such as cobalt-chromium, 
titanium, ceramics, and polyethylene. Commonly, the joint heads are re placed 
by metal, and are then separated by a polyethylene (PE) inlay, also referred to 
as insert, to facilitate sliding and prevent metal- on-metal contact (Figure P.1).

Figure P.1. Left: Components of a tibiofemoral joint replacement implant 1. Right: Radiograph 
highlighting metallic femoral and tibial components in situ2.

After decades of development and innovation, some 50 implant designs in mo re 
than 400 variations have been marketed [5]. Moreover, various material 
formulations exist for the PE inlays, where contemporary highly cross-lin ked, 
oxidation-stabilized PE has much contributed to improved clinical outcomes [6]. 
Consequently, the survival rate of contemporary knee implants is high at so me 
96% after 15 years in vivo [7], and revision surgery is rarely necessary. However , 
some knee implants still fail in the short- or long-term [8], partly due to wear of 
the PE inlay, which heavily affects tens of thousands of patients each year.

1 Modified from source: Friedmar Graichen, annotated by Mikael Häggström M.D. / 
1 Wikimedia Commons / CC BY 3.0, https://creativecommons.org/licenses/by/3.0
2 Source: Wikimedia Commons / public domain
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Polyethylene Wear: Impact and Influences
Wear damage of the soft PE implant component occurs as it articulates against 
the harder metal or ceramic femoral and tibial components. In the 1990s, many 
knee implants failed due to delamination, a fatigue process expedited by 
oxidation, which was accelerated by the then-common gamma-ray sterilization 
in air of the components during manufacturing. This oxidation problem has 
since been largely solved by improved material formulations and by performing 
sterilization under inert gas atmosphere [9]. Still, the mild process esof abrasive 
wear (a harder material removes PE particles) and adhesive wear (PE adheres 
and transfers to another body) remain as one of the reasons for revision , 
accounting for some 10% of implant failures [10,11]. Moreover, PE we ar 
particles originating from the bearing surface spread to the surrounding soft 
tissues and implant-bone interfaces, where they can trigger an inflammator y 
reaction and be part of the cause of periprosthetic osteolysis and aseptic
loosening [12�ò14], which is the primary cause of revision surgery [11,15]. Wear 
is a continuous process that becomes critical only at five to fifteen years aft er 
primary implantation , making it a risk especially for young and active patients 
receiving a knee implant [16], which is a growing group [17] that is afflicted by 
increased revision rates [18].

Wear in TKA implants is a complex nonlinear phenomenon that is infl uenced 
by multiple factors, including material properties, implant design, patient 
characteristics, and type and level of activity (Figure P.2). Some factors can be 
characterized as concerning the material, i.e. depending primarily on PE 
processing and local tribological conditions, while other factors can be 
characterized as mechanical, i.e. depending on the specific implant and the 
patient it is implanted in.

On the material-level alone, many parameters have been identified as 
influencing PE wear under physiological conditions [19,20] . As described above, 
improved sterilization processes have contributed a marked reduction in 
material oxidation and degradation in vivo [9]. Similarly, modern highly cross-
linked PE has been shown to reduce wear by an order of magnitude compared 
to conventional PE [20,21]. Naturally, PE wear is also strongly affected by the 
specific tribological conditions at the contact interface. In vivo, the contact is 
lubricated by synovial fluid, which reduces wear compared to dry contact and 
critically needs to be reflected in any in vitro wear test performed on the material 
[22,23]. Complicating experimental testing even further, the exact makeup of the 
lubricant [24], the volume present [25], and the interval at which it is replaced 
[23] have all been identified as influencing the amount of wear produc ed.
Unsurprisingly, a higher surface roughness of the counter-face has been l inked 
to increased PE wear [26,27]. In line with the classical Archard wear equation 
[28], the accumulated sliding distance at the interface is typically assumed to be 
directly proportional to the amount of wear produced. However, it has been 
shown that more PE wear occurs in the first few millimetres of sliding after a 
change in sliding direction [29]. Specifically, PE wear strongly depends on the 
directionality of sliding, with multidirectional sliding, e.g. in a circular or 
rectangular motion, producing five to ten times more wear than unidirectional  
sliding [30�ò32]. ���#�$�.���é���-�*�.�.-�.�#� ���-�ê��behaviour has been linked to a reorientation 
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of the polymer chains at the surface [33] and shown to be influenced by the 
amount of cross-linking in the material [34]. In a further departure from 
���-���#���-���è�.�� � �,�0���/�$�*�)[28], contact area and pressure have been identified as 
factors independently influencing PE wear under physiological conditi ons.
Given the same applied normal load, a larger contact area has been shown to 
increase wear [35�ò37], suggesting a proportional effect [30]. If , in turn, contact 
area is held constant and increasing loads and thus contact pressures are 
applied, some studies have found a less-than-proportional increase in PE wear 
[30,38] while others found a decrease [39,40].

Figure P.2. An illustration of the complex interplay of mechanical and material factors 
affecting PE wear and damage3.

As most of these tribological conditions depend on the loads and relative  
motions a knee implant experiences in the joint, it is unsurprising that multiple 
joint mechanical factors have been identified as impacting wear outcomes in 
vivo. Implant design is a major factor, with differences in conformity [ 42,43] and 
bearing type [44,45] commonly producing different wear outcomes . This is 
because implant design directly impacts joint loads and kinematics [46,4 7], 
which in turn influences wear [48]. Moreover, inter-patient variability in wear 
outcomes is high. This is caused by differences in factors such as mechanical 

3 Source: Wimmer et al. 1998 [41], used with permission.
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axis limb alignment [49�ò52], surgical positioning of the implant [53�ò55], subject
weight [56] and level of activity [57], as well as the type of activity performed
[58,59]. However, it should be noted that rather than directly producing more or  
less wear, the mechanical factors summarized here exert their influence by 
changing the contact pressure, area, motion, etc. which in turn influence wear. 
Thus, investigation of these mediating factors is critically necessary to 
understand why a particular implant design or surgical decision influenc es wear 
outcomes.

The (non-exhaustive!) enumeration of parameters above is not meant to 
overwhelm the reader, but rather to illustrate the insurmountable challenge  of 
simultaneously accounting for all these influences on in vivo wear. In practice, 
only one or very few parameters have been studied at a time, which in many 
instances limits our understanding of how they interact or compare in their  
severity.

Approaches to Investigate Polyethylene Wear 
Investigating wear is necessary to quantify the amount of wear, predict w ear 
patterns, and assess the longevity of TKA implants. Wear investigation can be 
carried out through in vivo retrievals, in vitro wear testing, and in silico
modelling. Ultimately, each approach has its advantages and shortcomings, and 
their application should be tailored to address specific research questions or, 
ideally, be combined to leverage their complementary strengths.

In vivo: Retrievals
Analysis of retrievals is a realistic and direct method to gain insights into the in 
vivo performance and degradation of knee implants. Here, the PE components 
of knee prostheses retrieved from patients after revision surgeries or autopsie s 
(Figure P.3) are studied to provide direct evidence of in situ surface damage 
patterns, including wear damage, and correlate it with design, patient, and 
surgical characteristics.

Figure P.3. Image of the topside of a knee implant PE inlay retrieved after four years in situ. 
The articulating surface shows wear, scratching, pitting, and plastic deformation.
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Techniques such as visual examination [60] and qualitative damage grading [61], 
image analysis [62,63], thickness measurements [64], and even µCT [53] have 
been applied to retrievals to measure wear and other modes of damage such as 
pitting and plastic deformation.

However, retrieval analysis has several important limitations. Most importantly, 
there is much inter-patient variability [65], but the loading conditions in situ that 
caused the observed damage are generally unknown. Thus, even simple effects 
of design or clinical parameters on wear outcomes are difficult to disco ver from 
the noisy data, and even if they are, correlations do not imply causal 
relationships [66]. Moreover, most retrieval studies, with few exceptions [67], 
are limited to investigating failed and revised rather tha n posthumously 
retrieved devices. Lastly, retrieval studies are inherently long-term follo w-up 
studies after an implant has been marketed, and as such are of limi ted use in 
development of novel implant designs.

In vitro: Laboratory Wear Simulators
In vitro wear testing, such as pin-on-disk or knee simulator tests, are considered 
the gold standard for evaluating material formulation and implant wear 
performance. 

Pin-on-disk testing (Figure P.4) is a common in vitro wear testing methods 
employed in the evaluation of materials used in knee implants. This test involves 
a pin, typically made of PE, articulating against a disk made of a hard metal or 
ceramic [20,68]. The pin and disk are placed under a normal load and oscill ated 
relative to each other for several million cycles at 1-2 Hz. The wear of  the PE pin 
is then gravimetrically measured and serves as a simplified model of w ear under 
the specified load and motion. Despite the reduced nature of this te st, it provides 
a relatively simple means of assessing wear performance of various material 
formulations and combinations, albeit under somewhat idealized and simplifie d 
loading and motion conditions.

Figure P.4. A typical six-station pin- on-disk setup. The left image shows the setup to test six 
polyethylene pins of varying diameter open during assembly, floating above cobalt-chromium 
disks contained in transparent lubricant containments. The right image shows the same setup 
during the test, where the PE pins articulate against the metal disks under serum lubrication.
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On the other hand, knee simulator tests (Figure P.5) are a more complex, but 
also more representative, in vitro method for assessing an implant's long-term 
wear performance . Here, knee implant components are articulated against each 
other and the multi-axis loads and movements that the knee joint undergoes 
during physical activities such as walking are simulated. Typically, a single 
activity cycle is simply repeated for multiple million cycles, and wear is 
periodically gravimetrically measured. Most commonly, the applied loads and 
kinematics are defined according to the ISO 14243 standards [69,70], but 
alternative and potentially more representative loading profiles based on more 
recent in vivo measurements have also been proposed [71,72].

Figure P.5. Two stations of a typical knee simulator setup. In the foreground, the tibial, inlay, 
and femoral implant components are shown affixed to the machine. In the background, the 
same assembly has been bagged and submerged in lubricant.

While laboratory wear tests are the current gold-standard for wear simulation,  
they too have several limitations. For one, they are costly and time-consumin g. 
Not only do they require expensive infrastructure, but simulating the wear that  
would occur over a few years of use for a single implant and loading c ondition 
requires multiple months of constant maintenance and measurements [73]. This
makes the process slow and laborious and thus unfeasible for larger scale 
comparative studies. Secondly, they have not been able to model and reproduce 
the wide range of load and damage patterns that occur in vivo [66]. Thirdly, 
variance of the wear results can be significant, limiting their applicabil ity in 
differentiating between implant studies and centres.

In silico: Computational Modelling
To overcome the limitations of laboratory-based wear testing, computational 
wear simulations based on finite element methods (Figure P.6 ) have become 
increasing ly used, and have proven to valuably complement laboratory-based 
testing by being fast, cheap and repeatable [74]. This allows studies investigating 
the effect of multiple different loading conditions or implant designs on wear 
outcomes [47], probabilistic studies [75], optimizing implant designs for wear 
performance [76], and conducting full in silico clinical trials [77]. 
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Figure P.6. A finite element model of the implanted knee.

A shift to computational wear modelling is also reflected in regulatory 
developments. In the USA, the FDA has made computational modelling a 
priority as an emerging technology and has issued guidelines on its use [78�ò80]. 
Computational simulation results may now serve as supporting digital evidence 
in marketing applications for medical devices, e.g. to identify worst-case or 
clinically challenging conditions for implants [81]. Concurrently, in the EU, the 
new medical device regulations call for a reduction of implant wear [82]. 

Achieving accurate model predictions for PE wear in TKA and joint arthropl asty 
in general has been an area of research for decades. Multiple simulatio n 
approaches exist, applying implicit or explicit rigid-body [27,83] or deformable 
[83�ò86] finite element approaches as well as multi-body-dynamics approaches 
[27,87�ò89] using elastic-foundation or surrogate contact models [90]. Using such 
numerical models to predict implant wear, general agreement with laboratory 
tests [91] and retrieval analyses [65] is achievable.

However, computational models have multiple limitations. Firstly, they make 
numerous assumptions and simplifications and thus require rigorous 
experimental validation to ensure accurate and credible results [8]. Secondly, 
they have proven sensitive to small variations in input loads and kinematics [92�ò
94], which makes it challenging to recreate experimental or in vivo conditions 
where additional inertial, frictional, or lubrication effects may act within the 
modelled system. Thirdly, computational models require both empirical models 
of PE wear as well as accurate joint-level load and kinematic inpu t data, both of 
which must be obtained through laborious experimental work.
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Goals and outline of this thesis

Research Gaps
Despite the progress made in wear investigation, there are still significan t 
knowledge gaps in the field. Firstly, determining appropriate input bou ndary 
conditions for predicting in vivo wear remains a challenge. While in silico
simulations can handle population-based boundary conditions, in vitro wear 
testing is typically limited to a single set of boundary conditions. Howe ver, input 
data obtained in vivo is scarce for both, and the representativeness of the ISO is 
an area of ongoing debate. 

Secondly, the complex nonlinear wear behaviour of PE in joint implants is n ot 
implemented in commercial or otherwise publicly available modelling softw are. 
Therefore, the biomechanics community lacks access to validated tools and 
models to computationally predict PE wear, which would be invaluable for 
improving implant longevity and our understanding of what joint mechanical  
parameters drive wear outcomes.

Lastly, while many studies have investigated knee implant retrievals over  the 
last decades, only some have provided accurate quantifications of the clinically 
relevant quantity wear volume, and even fewer have done so while 
simultaneously investigating the effect of clinical or design parameters on we ar 
outcomes. Such in vivo wear data would provide both valuable insights for 
clinical decision making by itself as well as validation and reference val ues for 
in vitro and in silico studies.

Aims and Structure of this Thesis
The overall goals of this thesis were to develop validated computational model s 
and tools to predict wear of TKA implants as well as to apply these models to 
investigate the effect of clinical parameters on wear and to support future joint 
prosthesis development. In this dissertation, each chapter focuses on a specifi c 
aspect of addressing the lack of knowledge or tools stated above, which is 
introduced and discussed in full detail therein. Notably, this is a cumulative
doctoral thesis, meaning that each of the numbered chapters 1-5 is a journal 
article that has been or will be published. However, as the same impl ant design 
was investigated throughout all chapters, these works are connected into a n 
overall framework of investigating wear through complementary in vivo, in 
vitro , and in silico approaches.

In Chapter 1, we develop "Standardized tibio-femoral implant loads and 
kinematics" to provide a single representative dataset for characterizing implant 
loads and kinematics during various activities. Specifically, we generated a 
single average condition for each of the activities contained in the most 
comprehensive dataset on knee loads and kinematics [95]. The resulting 
standardized dataset, just as the ISO wear testing standards, is publicly available 
and can be easily applied to both in vitro and in silico wear analyses. As such, it
serves as a valuable reference for subsequent analyses and comparisons, for 
instance in Chapter 4.
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In Chapter 2, we investigate the �é���)�*�(���'�*�0�.�� �2� ���-��behaviour of UHMWPE 
during sliding against CoCrMo under varying cross- �.�#� ���-�����)�������*�)�/�����/���+�-� �.�.�0�-� �ê. 
Here, we perform ed an array of pin- on-disk tests to quantify PE wear behaviour
under varying cross-shear and contact pressure conditions. By studying the 
structural changes and characteristics of the pin surface, we aim ed to gain 
insights into the origin and influence of these phenomena on wear behavio ur.
Moreover, we derived an empirical model for PE wear which we later apply to 
in silico wear simulation in Chapter 4.

Chapter 3 presents �é���� �)�*�1� �'�� �(� �/�#�*���� �/�*�� �������0�-���/� �'�4�� �-� ���-� ���/� ��in vivo loads and 
�&�$�)� �(���/�$���.�� �$�)�� ���*�(�+�0�/���/�$�*�)���'�� �(�*��� �'�.�� �*�!�� �/�#� �� �&�)� � �ê. This work addresses the 
limited capabilities of conventional load- or displacement-controlled 
approaches to accurately reproduce joint kinematics and contact loads. We 
provide a novel method to apply multiple boundary conditions to a single 
degree-of-freedom and benchmark this method against the conventional 
approaches.

Chapter 4 focuses on the �é���3�+� �-imental and computational evaluation of knee 
implant wear and creep under in vivo ���)�����
���������*�0�)�����-�4�����*�)���$�/�$�*�)�.�ê. To predict 
implant wear in silico, we developed a finite element-based algorithm powered 
by the cross-shear and contact pressure dependent wear derived in Chapter 2as 
well as a time-dependent plasticity model. We perform ed both computational 
analysesand laboratory experiments under ISO standard and the representative 
in vivo loads from Chapter 1, aiming to not only validate the algorithm but also 
to understand the sensitivity of wear outcomes to the applied boundary 
conditions.

Chapter 5 provides �é���� �,�0���)�/�$�/���/�$�1� �� ���*�(�+���-�$�.�*�)�� �*�!��in vivo wear rates of fixed 
��� ���-�$�)�"�����)�����-�*�/���/�$�)�"���+�'���/�!�*�-�(���&�)� � ���$�(�+�'���)�/���-� �/�-�$� �1���'�.�ê. By analysing PE implant 
components that had experienced wear in vivo, we not only provide quantitative 
wear outcomes to serve as a comparison for in silico and in vitro wear 
predictions, but also to investigated the impact of implant design and limb 
alignment on clinical wear outcomes.

Finally, in the Epilogue, the contributions of the individual chapters are
summarized and put into a broader context and areas of potential futu re 
research are identified.
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Abstract
Knowledge of both tibio-femoral kinematics and kinetics is necessary  for fully 
understanding knee joint biomechanics, guiding implant design and testing,  
and driving and validating computational models. In 2017, the CAMS-Knee 
datasets were presented, containing synchronized in vivo implant kinematics 
measured using a moving fluoroscope and tibio-femoral contact loads measured  
using instrumented implants from six subjects. However, to date, no 
representative summary of kinematics and kinetics obtained from 
measurements at the joint level of the same cohort of subjects exists. In this 
study, we present the CAMS-���)� � ���.�/���)�����-���$�5� �����.�0���%� ���/���é���/���)�ê�Û���2�#�*�.� ���-� �!� �-� �)��� ��
data include tibio-femoral kinematics and loading scenarios from all six s ubjects 
for level and downhill walking, stair descent, squat and sit- to-stand-to-sit. Using 
the peak-preserving averaging method by Bergmann and co-workers, we 
derived scenarios for generally high (CAMS-HIGH100), peak, and extreme 
loading. The CAMS-HIGH100 axial forces reached peaks between 3022�ò3856N 
(3.08�ò3.93 body weight) for the five investigated activities. Anterior-posterior 
forces were about a factor of ten lower. The axial moment around the tibia wa s 
highest for level walking and squatting with peaks of 9.4 Nm and 10.5 Nm acting 
externally. Internal tibial rotations of up to 8.4° were observed during squat and 
sitting, while the walking activities showed approximately half the intern al 
rotation. The CAMS-HIGH100 loads were comparable to Bergmann and co-
�2�*�-�&� �-�.�è�� ���0�/�� �#���1� �� �/�#� �� �������$�/�$�*�)���'�� ��� �)� �!�$�/�� �*�!�� �.�4�)���#�-�*�)�$�5� ���� �&�$�)� �(���/�$���.�Ú�� ���/���)�è�.��
loads are +11 to +56% higher than the ISO 14243 wear testing standard loads, 
while the kinematics exhibit markedly different curve shapes. Along with the 
original CAMS-Kne� �� �����/���.� �/�.�Û�� ���/���)�è�.�� �����/���� �����)�� ��� �� �-� �,�0� �.�/� ���� ���/��cams-
knee.orthoload.com .

https://www.cams-knee.orthoload.com/
https://www.cams-knee.orthoload.com/
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Introduction
Knowledge of both tibio-femoral loads and kinematics in vivo is important for 
understanding the biomechanics of the knee joint complex, including soft tissue 
loading [96,97], as well as for supporting design and mechanical testing of 
implants, and construction and validation of computational models [98]. To 
address this need, Fregly et al. [99] �#���1� �� �+�-� �.� �)�/� ���� �/�#� �� �é���-���)���� ���#���'�'� �)�"� �ê��
competition, annually distributing in vivo tibio-femoral joint contact loads of 
four subjects measured using instrumented implants. Similarly, force -
measuring knee implants have also been developed at the Julius Wolff Institut 
(JWI) at the Charité �ò Universitätsmedizin Berlin, Germany [100], where 
�(� ���.�0�-� ���� �!�*�-��� �.�� ���)���� �(�*�(� �)�/�.�� ���-� �� �+�0���'�$���'�4�� ���1���$�'�����'� �� �$�)�� �/�#� �� �é���-�/�#�*�'�*�����ê��
database (orthoload.com ). On the other hand, many studies present tibio-
femoral kinematics using techniques such as quasi-static MRI sequences [101],  
dynamic CT [102], fluoroscopy [103�ò105], and more recently, mobile fluoroscopy 
[106,107]. Comprehensive datasets that combine both joint forces and 
movement patterns, however, have only recently become available: The unique 
CAMS-Knee dataset [95, cams-knee.orthoload.com ] contains synchronized in 
vivo tibio-femoral joint contact forces and kinematics, whole body movement, 
ground reaction forces, and muscle electromyography measured for compl ete 
�(�*�/�$�*�)�����4���'� �.���$�)���.�$�3���é���-�/�#�*�'�*�����ê���.�0���%� ���/�.�������-�*�.�.���!�$�1� �����4�)���(�$���������/�$�1�$�/�$� �.���*�!�������$�'�4��
living using a moving fluoroscop e.

The question remains what loading conditions should be used for implant 
testing to yield meaningful, conservative, and representative results. The ISO 
14243 wear testing standard specifies generic boundary conditions for force-
controlled and displacement-controlled test setups [69,70], which origi nate from 
gait data and analytical musculoskeletal models reported some 50 years ago 
[108�ò110]. However, knee contact mechanics vary considerably between 
functional activities and subjects [111,112], in turn influencin g wear [52,113]. 
Moreover, recent testing using joint-level data and composite loading profiles  
now suggests that multiple activities of daily living are required to fu lly 
represent the loading environment experienced by implants in vivo [114,59]. 

���-�*��� �.�.�$�)�"�� �����/���� �!�-�*�(�� �'�*������ �(� ���.�0�-� �(� �)�/�.�� �*�!�� � �$�"�#�/�� �é���-�/�#�*�'�*�����ê�� �.�0���%� ���/�.�Û��
Bergmann et al. [115] derived sets of representative average, high and peak 
�'�*�����$�)�"���.��� �)���-�$�*�.���!�*�-���(�0�'�/�$�+�'� �������/�$�1�$�/�$� �.�Ú�����#� �$�-���+�-�*�+�*�.� �����é�	�
���	�§�¦�¦�ê���'�*�����.�����$�!�!� �-��
strongly from those specified in ISO 14243-1, and have since been adopted in 
various studies [116�ò119]. Similar efforts to report realistic loading scenarios 
have been presented by Abdel-Jaber et al. [72], who fluoroscopically measured 
tibio-femoral kinematics for use in displacement-controlled wear testin g 
machines. Currently, however, no summarized set of representative, 
standardized knee joint kinetics and kinematics obtained from measurements  
at the joint level of the same cohort of subjects exists. 

To provide such a single set of standardized loads and kinematics acting on knee 
implants in vivo during activities of daily living, we derived representative loads 
and kinematics from the complete CAMS-Knee dataset, applying the same 
rationale and averaging methods employed by Bergmann et al. [115]. We 
�/�#� �-� �!�*�-� �� �+�-� �.� �)�/�� �é���/���)�ê�Û�� ���� �-� �+�-� �.� �)�/���/�$�1� �Û�� �.�/���)�����-���$�5� ���� ��������-Knee subject, 
and the associated loading scenarios (e.g. CAMS-HIGH100). We hypothesized 

http://www.orthoload.com/
https://cams-knee.orthoload.com/
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that the kinetics would remain similar to the results of Bergmann et al., bu t that 
the kinematics and kinetics are different from those specified in ISO 1 4243.

Methods

The CAMS-Knee Datasets
The CAMS-Knee datasets [95] contain data collected from six subjects (5m, 1f, 
aged 74 ± 5 years, mass 89 ± 13 kg, height 172 ± 4 cm, Table 1.1) implanted with 
an INNEX FIXUC ultra-congruent design (Zimmer Biomet, Switzerland) that 
sacrifices the cruciate ligaments. The tibial stem was modified to contain strain 
gauges and an inductively powered telemetry transmitter, allowing all six 
components of the joint contact forces and moments to be measured with an 
error of less than 2% [100].

Table 1.1: Anthropometry data for the subjects and calculated data for Stan. Note that this data 
is taken from the CAMS dataset as published at cams-knee.orthoload.com and slightly differs 
from that reported in Taylor et al. [95]. Posterior tibial slope taken from Bergmann et al. [115] . 
Stan has normalized body weight (BW), i.e. it must be multiplied by the desired body-mass 
times gravity to yield a weight (subject-average mass in brackets).

Subject K1L K2L K3R K5R K7L K8L Stan

Height [cm] 175 169 173 174 165 174.5 172

Body mass [kg] 101.5 90.8 100.3 95.6 66.5 78.8 1 BW (88.9)

Sex m m m m f m -

Age [years] 70 78 77 65 80 76 74

Measured leg l l r r l l r

Posterior tibial slope [°] 5 11 10 7 7 11 8.5

Inlay size/height M10 M10 M10 M10 M10 M10 M10

Tibial component JWI instrumented tibial tray (size 4 M)

Femoral component size M+ M+ M+ M+ M M+ M+

Implant kinematics were measured using the moving fluoroscope developed at 
the Laboratory for Movement Biomechanics, ETH Zürich [120]. The 
instrumented implant of each subject was automatically tracked for multi ple 
cycles of level and downhill walking, stair descent, sit- to-stand-to-sit, and squat 
(Table 1.2). Single-plane video fluoroscopic images were acquired in the sagittal 
plane at a rate of 25 Hz. Three-dimensional models of the tibial and femoral 
implant components were then registered to the fluoroscopic images [121], 
providing the 3D pose of each component for every frame. A minimum of f ive 
complete trials were collected for each subject and activity. All measureme nts 
were recorded simultaneously and synchronized. For the walking activities, gait 
cycles, including their stance- and swing-phases, were defined based on heel-
strikes and toe-offs identified using a ground reaction force (Kistler, 
Switzerland) threshold of 25 N.

http://www.cams-knee.orthoload.com/
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Table 1.2: Description of the activities contained in the CAMS-Knee datasets (adapted from 
Taylor et al. [95]) and mean cycle duration and gait speed.

Activity Description Mean cycle 
duration TC

[s]

Mean gait 
speed 
[m/s]

Level walking Walking straight ahead over 5 force 
plates embedded in the floor

1.39 0.79

Downhill 
walking

Walking down a walkway with a 10° 
inclined slope (18%) with two force 
plates embedded

1.49 0.77

Stair descent Walking down an instrumented stair 
with three steps, each 18cm in height

1.85 0.45

Sit-to-stand-
to-sit

The subject started in a sitting position, 
rose to an upright standing position and 
sat down again

4.05 -

Squat Standing with stationary feet, 
approximately shoulder width apart 
with hands stretched forwards and then 
performing a knee joint flexion as far as 
individually possible before returning to 
the standing position

4.34 -

Coordinate Systems
For the purposes of this study, all kinematic and kinetic data were converted into 
the same coordinate systems for a right-sided knee, a size 10M inlay and a size 
M+ femoral component (Figure 1.1). Loads are expressed in the tibial inlay  
coordinate system. Consequently, the axial contact force F z acting on the tibial 
component is reported with a negative sign. Similarly, a positive force Fy would 
act to push the tibia anteriorly and extension (x-axis), adduction (y-axi s), and 
internal (z-axis) moments all have a positive sign.

Joint angles and translations were calculated as the tibial relative to the f emoral 
coordinate system axes according to Grood and Suntay [122]. The kinematics are 
presented relative to the implant component reference positions (Figure S.1), 
where contact occurs at the deepest points of the condyles and the tibial and 
femoral coordinate system axes are parallel (see supplementary material S1).

Knee Flexion Angle from Mechanical Bone Axes
In addition to the implant kinematics, the knee flexion angle was determi ned 
from the mechanical bone axes to enable comparison with the datasets of 
Bergmann and co-workers [115] and ISO 14243. For this, mechanical axes were 
based on bone landmarks from CT and transformed with the implants according 
to the fluoroscopy kinematics. Therefore, angled implantation will in troduce a 
constant offset to the implant flexion relative to the limb flexion angle.



16

Figure 1.1. Coordinate system of the femoral component (top) and the instrumented tibial tray 
(bottom) for a right knee. The origin of the femoral system was defined based on the 
���*�(�+�*�)� �)�/�è�.�����$�(� �)�.�$�*�)�.���$�)���3- and y-direction. The z-axis was parallel to the pegs and the x-
axis was parallel to a line connecting the highest points on the pegs. The origin of the tibial 
system was located at the intersection between the axis of the tibial component stem and a 
plane perpendicular to the stem axis at the level of the lowest contact points on the upper 
surface of the inlay. The z-axis was colinear to the stem axis and the y-axis lay on the symmetry 
plane of the tibial component. The axes were oriented positively in the lateral (x-axis), anterior 
(y-axis) and superior (z-axis) directions for both coordinate systems.

Averaging Method
In this study, we present the kinematics and kinetics of the CAMS-Standard 
�.�0���%� ���/���é���/���)�ê�Û���2�#�$���#�������)����� �����*�)�.�$��� �-ed be a 74-year-old person of 172 cm height 
and 88.9 kg mass (Table 1.1). To derive various joint contact force and moment 
scenarios, we consider Stan to have a normalized body weight (BW) of 1. Factors 
are then provided to account for the appropriate body mass and loading 
intensity.

Basic Method
The approach used to obtain standardized loads and kinematics from the six 
CAMS-Knee subjects was largely based upon the time-warping methodology to 
average time-series developed by Bender and Bergmann [123], where extremes 
are maintained at the average time and magnitude, and was consistent with the 
study by Bergmann and co-workers [115]. All motion cycle durations were time-
normalized to 100% and implant forces and moments were normalized by the 
�.�0���%� ���/�è�.�� ���*���4�� �2� �$�"�#�/�Ú�� ���*�� �(�$�)�$�(�$�5� �� � �-�-�*�-�.�� �$�)�/�-�*���0��� ���� �/�*�� �/�#� �� �-�*�/���/�$�*�)�.�� ���4��
subsequent filtering and averaging of their scalar components, rotations were 
first converted to quaternion representation [124]. Both loads and kinematics 
were then filtered using a fourth-order Butterworth low-pass filter with a cut-off 
frequency of 6 Hz [125]. In a first averaging step, the single cycles of each subject 
were averaged for each subject. For the second step, an overall inter-indiv idual 
���1� �-���"� ���2���.�����*�(�+�0�/� �����!�-�*�(��� �����#���$�)���$�1�$���0���'�è�.�����1� �-���"� loads and kinematics to 
create the standardised, reference subject Stan. For one subject (K3R), no data 
for downhill walking was available, so the overall averaging was performe d 
�0�.�$�)�"���/�#� ���-� �(���$�)�$�)�"���!�$�1� ���.�0���%� ���/�è�.�������/���Ú
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Loading Scenarios
In their original publication, Bergmann et al. [115] described the AVER75, 
HIGH100, and PEAK100 loading scenarios to represent subjects exhibiting 
average, high, and peak loading for each activity, which were also adopted in 
this study. The CAMS-AVER75 loads therefore represent average loads in a 
subject weighing 75 �&�"�Û���*���/���$�)� �������4���(�0�'�/�$�+�'�4�$�)�"�����/���)�è�.������-normalized loads by 
a factor of g·75 kg (g=9.81ms-2). The CAMS-HIGH100 and CAMS-PEAK100 loads 
represent a subject weighing 100kg exhibiting high and occasional peak loads, 
�*���/���$�)� �������4���(�0�'�/�$�+�'�4�$�)�"�����/���)�è�.������-normalized loads by a factor of FH·g·100 kg 
or FP·g·100 kg respectively (Figure 1.2.B). The high- and peak-load-factors, FH

and FP, were determined by dividing the single highest peaks across the intra-
subject averages and across all trials respectively, by the highest peak of the 
overall average curve (Figure 1.2.A). These factors can therefore be interpreted 
as the variation in load magnitudes between subjects, even if the subjects had 
the same body weight. Importantly, the timing and magnitude of the kinematics 
were the same for all three loading scenarios and therefore not scaled.

Figure 1.2. Schematic demonstration of the CAMS-AVER75, CAMS-HIGH100, and CAMS-
PEAK100 forces using fictitious force data from two exemplary subjects. (A): Determination of 
intra-subject (coloured) and overall inter-subject (black) averages from individual trials 
(dashed), normalized by body weight. The ratios F H and FP are determined using the single 
highest peaks across the intra-subject averages and across all trials respectively, divided by the 
highest peak of the overall average curve. (B): Calculation of CAMS-AVER75, CAMS-HIGH100, 
and CAMS-PEAK100 forces from the normalized overall average using weights of 75kg/100kg 
and the factors FH and FP.

Extreme values of local minima and maxima of each component were extracted  
from the individual trials of each subject, scaled to a body weight of 100 k g and 
termed CAMS-EXTREME100 (see supplementary materialS1).
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Results
All force and moment results are presented for Stan (here with an assume d 
weight of 100 kg) for the CAMS-HIGH100 loading scenario unless otherwise 
specified.

Tibio-Femoral Joint Contact Forces
For the three walking activities, the axial force curves showed two main peaks 
(Figure 1.3 to Figure 1.5). For level walking, the first peak at the time of 
contralateral toe-off (- 2747N) had a smaller magnitude than the second peak at 
the instant of contralateral heel strike (- 3184N). Similar peaks were observed for 
stair descent and downhill walking, but with up to 20% higher absolute values.  
The overall average patterns showed small fluctuations because some of the 
subjects showed unusual intra-subject average patterns without a clear doubl e 
peak. Single peaks with similar magnitudes (-2808 to -3172N) were observed for 
sit-to-stand-to-sit and the squat exercises (Figure 1.6 and Figure 1.7). All these 
findings can be transferred to F res, which had a relative difference of less than 
0.6%.

Figure 1.3. Average loads and kinematics during level walking. Top row: CAMS-HIGH100 
�!�*�-��� �.�� ���)���� �(�*�(� �)�/�.�Ú�� ���*�/�/�*�(�� �-�*�2�Ü�� ���/���)�è�.�� �/�$���$���'�� �/�-���)�.�'���/�$�*�)�.�� ���)���� �-�*�/���/�$�*�)�.�� �!�-�*�(�� �!�'�0�*�-�*�.���*�+�4��
based on the implant coordinate systems. Triangles with numbers: Maxima ( �¹ ) and minima (
�Ã) of the CAMS-EXTREME100 values are presented according to their actual value and time, 
as well as presented in the supplementary materials. T C: average cycle duration. Dotted vertical 
lines: contralateral toe-off and heel-strike. Dashed vertical line: ipsilateral toe-off.

The medio-lateral (M-L) force (F x) peaks were small with magnitudes below 150
N. The anterior-posterior (A-P) force F y showed higher values, especially in the
posterior direction. Level walking, downhill walking, and stair descent sho wed 
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a first posterior peak (-277 to -330N) and a much smaller second anterior peak 
(Figure 1.3 to Figure 1.5). Sit-to-stand showed a posterior force peak of -103N, 
while sitting down showed half as much force in the anterior direction (Figu re 
1.6). During squat, an anterior force peak of 71 N occurred (Figure 1.7).

Figure 1.4. Average loads and kinematics during downhill walking. Top row: CAMS-HIGH100 
�!�*�-��� �.�� ���)���� �(�*�(� �)�/�.�Ú�� ���*�/�/�*�(�� �-�*�2�Ü�� ���/���)�è�.�� �/�$���$���'�� �/�-���)�.lations and rotations from fluoroscopy 
based on the implant coordinate systems. Triangles with numbers: Maxima ( �¹ ) and minima (
�Ã) of the CAMS-EXTREME100 values are presented according to their actual value and time, 
as well as presented in the supplementary materials. T C: average cycle duration. Dotted vertical 
line: contralateral heel-strike. Dashed vertical line: ipsilateral toe-off.

Average and Peak Loads
The resultant force F res varied between the CAMS-Knee subjects even when 
normalized to bodyweight, which is shown by the factor F H ranging from 114% 
to 128% for the different activities (Figure 1.3 to Figure 1.7). The CAMS-HIGH100 
loads were approximately 50% to 70% greater than those for the CAMS-AVER75 
scenario, caused by the higher bodyweight and loading. The CAMS-PEAK100 
loads exceeded the CAMS-HIGH100 loads by up to 17%.

Tibio-Femoral Joint Contact Moments
The flexion moment M x in the sagittal plane followed roughly the same pattern 
as the axial force Fz and was always positive for all activities except stair descent. 

The adduction moment M y remained negative (resisting adduction of the tibia) 
throughout most of stance phase for the three walking activities (Figure 1.3 to 
Figure 1.5). In contrast, for sit- to-stand-to-sit and squat, My was smaller and 
remained positive (resisting abduction of the tibia) when the flexion angle an d 
axial force were high (Figure 1.6 and Figure 1.7).
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Figure 1.5. Average loads and kinematics during stair descent. Top row: CAMS-HIGH100 forces 
���)�����(�*�(� �)�/�.�Ú�����*�/�/�*�(���-�*�2�Ü�����/���)�è�.���/�$���$���'���/�-���)�.�'���/�$�*�)�.�����)�����-�*�/���/�$�*�)�.���!�-�*�(��fluoroscopy based on 
the implant coordinate systems. Triangles with numbers: Maxima ( �¹ ) and minima ( �Ã) of the 
CAMS-EXTREME100 values are presented according to their actual value and time, as well as 
presented in the supplementary materials. T C: average cycle duration. Dotted vertical line: 
contralateral heel-strike. Dashed vertical line: ipsilateral toe-off.

Mz followed a similar pattern for all three walking activities (Figure 1.3 to  Figure 
1.5). Initially, a positive peak (M z>0) was observed around the time of 
contralateral toe-off, thus resisting any external tibial rotation. This was 
followed by a negative (M z<0) peak, occurring between the contralateral heel-
strike and ipsilateral toe-off, hence resisting any internal rotation of the tibi a. 
The highest moment peaks occurred during level walking (3.9 Nm and -9.4 Nm, 
Figure 3). For sit-to-stand-to-sit and squat, Mz was always negative and roughly 
followed the axial force pattern, exhibiting peaks of up to -10.5 Nm (Figur e 1.6
and Figure 1.7).

Tibio-Femoral Translations
During all three walking activities, Stan showed the greatest tibial displacement 
during swing phase in the posterior direction (Figure 1.3 to Figure 1.5), with the 
highest value of -10.4 mm observed during stair descent. Tibial displacement 
was similarly more posterior at higher flexion angles for the squat and sit -to-
stand-to-sit activities.

M-L translation in the joint was approximately zero with values ranging between 
-0.6 to 0.9 mm for all activities. These values lie within the measurement e rror 
of the moving fluoroscope [95]. 

Relative superior-inferior displacement of the tibio-femoral components was 
observed in this study, ranging from -0.5 mm to 3.8 mm.
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Figure 1.6. Average loads and kinematics during sit- to-stand-to-sit. Top row: CAMS-HIGH100 
�!�*�-��� �.�� ���)���� �(�*�(� �)�/�.�Ú�� ���*�/�/�*�(�� �-�*�2�Ü�� ���/���)�è�.�� �/�$���$���'�� �/�-���)�.�'���/�$�*�)�.�� ���)���� �-�*�/���/�$�*�)�.�� �!�-�*�(�� �!�'�0�*�-�*�.���*�+�4��
based on the implant coordinate systems. Triangles with numbers: Maxima ( �¹ ) and minima (
�Ã) of the CAMS-EXTREME100 values are presented according to their actual value and time, 
as well as presented in the supplementary materials. T C: average cycle duration.

Tibio-Femoral Rotations
At full extension, Stan exhibited relative hyperextension based on the implan t 
component poses, similar to the average tibial slope of implantation (-8.5°, Ta ble 
1.1). The implant flexion angles were approximately 12° smaller than  the knee 
mechanical bone axis flexion angles, which did not show hyperextension. 

The average internal-external (I-E) rotation of the tibia was always negative, i.e. 
the tibia was rotated internally, or close to zero. The largest internal rotations 
were observed for squatting and sitting, with values of -8.4° and -7.6°. Only half 
as much internal rotation was observed during the three walking exercises. 

The abduction-adduction angle was generally small and varied between -1.4° 
and 0.4° for all activities. 
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Figure 1.7. Average loads and kinematics during squatting. Top row: CAMS-HIGH100 forces 
���)�����(�*�(� �)�/�.�Ú�����*�/�/�*�(���-�*�2�Ü�����/���)�è�.��tibial translations and rotations from fluoroscopy based on 
the implant coordinate systems. Triangles with numbers: Maxima ( �¹ ) and minima ( �Ã) of the 
CAMS-EXTREME100 values are presented according to their actual value and time, as well as 
presented in the supplementary materials. T C: average cycle duration.

Discussion
Recently, presentation of the unique CAMS-Knee project opened access to 
synchronised kinematic and kinetic conditions in the human knee for  multiple 
activities. To provide a single representative dataset that captures the importa nt 
characteristics of the CAMS-Knee population, we now introduce the 
biomechanics community to Stan, the standardized CAMS-Knee reference 
subject and the associated CAMS-HIGH100 loads.

���/���)�è�.�����3�$���'���!�*�-��� ����z was by far the largest contributor to the resultant force F res, 
while the A-P force was ten times smaller, and the M-L load was negligibl e. In 
�.�*�(� ���*�!���/�#� ���é���-���)�������#���'�'� �)�"� �ê���.�0���%� ���/�.���ù�®�¦�ò83 years, mass 65�ò74kg), peak axial 
forces were 229%-280% BW for level walking, 193%-292% BW for sit-to-stand and 
stand-to-sit, 328%-347% BW for stairs descent, and 208%-228% BW for squat 
[126�ò129]. Walking speeds were ~1.2 m/s, whereas the average speed in our 
study was much slower at 0.79m/s. Still, the force values were closer to the 
CAMS-AVER75 peak values than to the CAMS-HIGH100 peaks, likely due to the 
lower weight. 

The tibial component was generally rotated internally, with largest values 
observed during squat and sit-to-stand-to-sit and less during the walking 
activities, which is consistent with previous studies by Schütz and co-work ers 
[46,112] on other implant models. For both I-E rotation and abduction-
�������0���/�$�*�)�Û���#�*�2� �1� �-�Û�����/���)�è�.���-���)�"� ���*�!���(�*�/�$�*�)���2���.�������!� �2����egrees smaller. This is 
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likely to be the result of the constrained geometry of the ultra-c ongruent tibial 
inlay used in the CAMS-Knee project.

���/���)�è�.�� �$�(�+�'���)�/-based flexion angles were about 12° more extended than those 
derived from mechanical bone axes. In fact, the six CAMS-knee subjects exhibi t 
posterior tibial slopes of 5°-11° (Table 1.1), explaining some of this constant 
offset from the mechanical axis. Such differences in implant pose must be 
considered in applications where contact mechanics are important, e.g. wear  
analysis, because femoral components are often designed to have a varying 
radius, and thus contact conformity, with changing flexion angles [130]. Care
should thus be taken when applying bone flexion angles directl y to models or 
tests of the implanted joint.

Superior-inferior tibial translation of -0.5 mm to 3.8 �(�(���2���.�����+�+���-� �)�/���$�)�����/���)�è�.��
knee kinematics, and was correlated with both flexion angle and A -P
displacement. Rather than lift-off, we attribute these non-zero values to 
kinematic crosstalk caused by the coordinate system not coinciding with the 
functional flexion axis [131,132]. Furthermore, A-P translation of the femoral 
component relative to the curved tibial inlay may result in apparent superior-
inferior translation, even though contact between the components is 
maintained. Any such superior-inferior translation is generally inconseq uential 
because such movement will rarely be prescribed in models or testing set ups, 
since even small errors would generate extreme contact force variations [ 92,93].

Comparison to Existing Standards
One objective of this study was a direct comparison between the ISO waveforms 
���)�������/���)�è�.����������-HIGH100 loads, which is only possible for level walking (Figure 
1.8). Here, the CAMS-HIGH100 loads closely matched the results of Bergmann 
et al. [115], and thus differed similarly from the ISO loads. 

Figure 1.8. ���*�(�+���-�$�.�*�)�� �*�!�� ���/���)�è�.�� ��������-HIGH100 kinematics and kinetics for level walking 
against the results obtained by Bergmann et al. [115] (HIGH100) and reported in the ISO 
standards [69,70]. Top row: Kinematics. Bottom row: Loads. ISO kinematics are expressed in 
the joint coordinate system used in this study.
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The CAMS-HIGH100 compressive force, Fz, differed by only 3.1% and 5.6% from 
that of Bergmann et al. at the first and second peak. Similarly, the anterior force, 
Fy, and external rotation moment, M z, peaks matched those of Bergmann et al. 
[115] within 45 N and 1.7 Nm. These similarities confirmed our first hy pothesis 
and were not surprising, since many of the same subjects were assessed in the 
�/�2�*���.�/�0���$� �.�Ú���	�*�2� �1� �-�Û�����/���)�è�.�����3�$���'���!�*�-��� ���(� ���.�0�-� �(� �)�/�.���.�#�*�2� �����'� �.�.���+�-�*�)�*�0�)��� ����
�+� ���&�.�Û�� �'�$�&� �'�4�� ���0� �� �/�*�� �/�#� �� �(�*�1�$�)�"�� �!�'�0�*�-�*�.���*�+� �� �'�$�(�$�/�$�)�"�� �/�#� �� �.�0���%� ���/�.�è�� �2���'�&�$�)�"��
velocity [133]. This was confirmed by 30% longer average walking cycle 
durations in our study.

���/���)�è�.���$�(�+�'���)�/���!�'� �3�$�*�)�����)�"�'� ���2���.���0�+���/�*���¨�©�š���'�*�2� �-���$�)���!�'� �3�$�*�)���/�#���)���/�#�*�.� ���-� �+�*�-�/� ����
by ISO and Bergmann and co-�2�*�-�&� �-�.�Ú�� ���)�� �/�#� �� �*�/�#� �-�� �#���)���Û�� ���/���)�è�.�� �+� ���&��
mechanical bone axis flexion angle matched that of Bergmann and co-worke rs, 
based on the same definition, but measured using motion-capture, to withi n 10°. 

The ISO 14243-1 loads do not match our in vivo �����/���Ü�� ���/���)�è�.�� ���3�$���'�� �!�*�-��� �� �.�#�*�2�.��
wider, but +22% higher peaks, the A-P force exhibits a completely differe nt 
shape, and the internal moment peak is +56% larger. Similar differences to the 
ISO loads were also observed by Bergmann and co-workers [115], as well as 
Affatato and Ruggiero [134]. Moreover, the ISO 14243-3 I-E rotation and A-P 
translation also do not match Stan in direction, magnitude, or curve shape, 
confirming our hypothesis. The ISO standard specifies two anterior 
displacement peaks, while Stan only exhibits a single posterior displacement 
peak. Similarly, the ISO standard axial rotation alternates between internal and 
external rotation, while Stan shows only internal rotation with a single peak . 
These discrepancies can be explained by the different implant geometries use d 
for conceiving Stan and the ISO standard [46,103,135,136]. ISO 14243-3 may 
therefore not be appropriate for implant models with more constrained 
geometries. 

For stair descent, sit-to-stand-to-sit, a�)�����.�,�0���/�Û���/�#� ���.�#���+� �.���*�!�����/���)�è�.�����0�-�1� �.���2� �-� ��
similar to those of Bergmann et al. [115] (see supplementary material S1). Most 
of the CAMS-HIGH100 peak loads were smaller than their Bergmann et al. 
counterparts. For the knee compressive force, F z, for example, this difference 
was -7% to -20%.

Compared to Abdel-Jaber and co-�2�*�-�&� �-�è�.��[72] proposed kinematics for stand-
to-sit-to-stand and squat, Stan exhibited comparable patterns of peaks and 
ranges of motion for flexion and I-E rotation. A-P translation occ urred in the 
opposite directions, however, possibly due to the different implant studie d. 
Moreover, Abd el-Jaber and co-�2�*�-�&� �-�è�.���(�*��� �'�'� �������3�$���'���'�*�����.���2� �-� ���.�(���'�'� �-���/�#���)��
even the CAMS-AVER75 loads.

Limitations
The generalizability of the developed loads and kinematics is subject to certain  
limitations. We considered only one implant design, the ultra-congruent INNEX 
FIXUC, which constrained the kinematics in A-P and I-E directions. Theref ore, 
Stan's kinematics may not be directly comparable or applicable to radically 
different implant designs, as also shown by the mismatch with ISO 14243-3.  The 
low precision of the M-L kinematics due to the out- of-plane error of the moving 
fluoroscope limits their direct application as in vitro or in silico boundary 
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conditions. Moreover, the joint translations and rotations reported here may be 
subject to cross-talk because the implant coordinate systems were adapted from 
the CAMS-Knee datasets and may not represent the functional axes for the 
different activities [131,132]. Furthermore, Stan is considered to be 74 years old 
and the walking speeds were about 25% slower than the normal walking speed 
of ~1.2 m/s [137]. Therefore, validity of the standardized loads may not 
necessarily extend to normal walking speeds, younger subjects, or healthy 
knees. For instance, were data from more than six subjects to become available, 
the average waveforms would change and the loads of the CAMS-HIGH100 and 
CAMS-PEAK100 loading conditions could be expected to increase [115]. 

Notwithstanding these limitations, the results of this study are unique in their  
scope. Specifically, the standardized loads and kinematics were obtained from 
the largest available dataset containing both in vivo knee loads and in vivo knee 
�&�$�)� �(���/�$���.�� �.�4�)���#�-�*�)�*�0�.�'�4�� �(� ���.�0�-� ���� ���/�� �/�#� �� �%�*�$�)�/�� �'� �1� �'�Ú�� ���#�0�.�Û�� ���/���)�è�.�� �'�*�����.�� ���)����
kinematics can be used for validation of computational models of implanted  
knees and for mechanical testing of implants.

Application
The loads reported here include transverse forces and moments that will 
interact differently with the surrounding soft tissues in other impl ant designs or 
in �/�#� �� �#� ���'�/�#�4�� �&�)� � �Ú�� ���#�$�'� �� ���/���)�è�.�� �'�*�����.�� ���*�0�'���� ��� �� ���$�-� ���/�'�4�� ���+�+�'�$� ���� �$�)�� �.�0���#��
scenarios, any results would require additional validation. Appropriately 
transformed loads and kinematics, however, could play a role in futu re updates 
to ISO testing standards, but also be used to complement existing joint and 
implant testing.

�
�/�� �$�.�� �$�(�+�*�-�/���)�/�� �/�*�� �)�*�/� �� �/�#���/�� ���/���)�è�.�� �'�*�����.�� ���)���� �&�$�)� �(���/�$���.�� ���-� �� �+�-� �.� �)�/� ���� �$�)�� ���)��
implant-based coordinate system (Figure 1.1). For an anatomic coordinate 
system, the loads and kinematics should be transformed by the average 
�+�*�.�/� �-�$�*�-���.�'�*�+� ���*�!���/�#� ���.�0���%� ���/�.���ù�$�)�����/���)�è�.�������.� �Û���®�Ú�«�š�Û��Table 1.1). In this case, while 
the magnitude of F z would only change by a few percent, F y would act more in 
the anterior direction. To facilitate correct implementation of our results into  
computational models and mechanical testing machines, the full set of 
transformation matrices, including instructions for coordinate system 
transformations, are available upon request on cams-knee.orthoload.com.

For testing or analysing the effects of cyclic loading such as wear and fatigue, 
the CAMS-HIGH100 loading conditions are appropriate. For static analyses of 
strength, the CAMS-PEAK100 or CAMS-EXTREME100 loading conditions should 
be used. For developing or validating simulation models, all loading scenarios, 
or even data of one of the six individual CAMS-Knee subjects, may present useful 
loading environments.

https://cams-knee.orthoload.com/
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Abstract
Wear of ultra-high molecular weight polyethylene (UHMWPE) in joint i mplant 
applications has been shown to increase with cross-shear (i.e. multidirecti onal 
sliding) but decrease with higher contact pressure. Moreover, structural 
changes, resulting in protrusions, are known to occur to the surface o f the pin 
following multidirectional sliding. However, these phenomena are not yet full y 
understood.

In this study, we simultaneously varied contact pressure and cross-shear  to 
derive an empirical formula for the wear factor as a function of these 
parameters. The wear factor increased when going from unidirectional slidi ng 
to multidirectional sliding but decreased with increasing contact pressure, as 
has been previously observed.

Following these tests, the protrusions on the pin surface were chemically and  
mechanically characterized to gain insights into both their origin and influence  
on wear behavior. Micro-FTIR confirmed that the structures consist of 
polyethylene, rather than adsorbed, denatured proteins. It also allowed the 
crystallinity of both the protrusions and unaffected UHMWPE to be estimated, 
showing a strong positive correlation with the hardness of these different areas 
on the surface. Time-of-flight secondary-ion mass spectrometry was used to 
probe the chemistry of the surface and near-surface region and indicated the 
presence of contamination from the test fluid within the structure. This suggests 
that the protrusions are formed by the folding of UHMWPE following plastic 
deformation. It is also suggested that the higher hardness of the protrusions 
affords some protection of the surface, leading to the observed anomalous  
behavior, whereby wear increases with decreasing contact pressure. 
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Introduction
Wear of ultra-high molecular weight polyethylene (UHMWPE) joint 
replacement is a common cause of implant failure [16] as the debris can cause 
adverse effects such as osteolysis and implant loosening [138]. Therefore, the 
wear behavior of UHMWPE continues to be of interest as new processing 
procedures and additives are examined in an effort to further develo p the 
material and improve clinical outcomes.

UHMWPE wear is a highly complex phenomenon with unidirectional sliding 
leading to far lower wear rates than those observed for multidirectional slidin g 
tests [33,139,140]. It has been proposed that unidirectional sliding causes strain 
hardening by orientating the polymer chains at the surface [33]. In 
multidirectional pin- on-disc (POD) testing, the path of motion can be 
represented by a rectangle. The cross-shear ratio (CS) can be defined as the ratio 
A/(A+B), where A is the smaller and B the larger side of the rectangle (�r 
Q�%�5
Q
�r�ä�w) [141]. 

Early theoretical models predicted wear to continuously increase up to a  
maximum at a CS of 0.5. Only few studies have experimentally examined the 
effect of varying CS on wear across the whole range of CS. Turell et al. found that 
when untreated UHMWPE was subjected to sliding, the wear increased at lower 
CS up to around 0.3, but then decreased slightly at higher values [141]. Similar
behavior was later reported by Korduba and Wang [34], and incorporated i nto 
an updated theoretical model [142]. Following comparisons of experimental 
measurements of wear with theoretical studies, it has been concluded that 
orientation can occur in both directions of the multidirectional sliding and that 
asymmetry of the motion path, i.e. an intermediate amount of cross-shear is  
needed to introduce orientation softening [143,144]. Crosslinked UHMWP E, on 
the other hand, showed an overall lower wear rate and no clear wear peak at 
intermediate values of CS [34,145]. This supports the proposal that wear is 
strongly influenced by orientation of the polymer chains, which is constrai ned 
by crosslinking [34,146]. 

There have also been investigations into the role that contact area and pressure 
�+�'���4���2�$�/�#���-� �"���-���.���/�*�����	�����������2� ���-�Ú�����#� �����'���.�.�$�����'�����-���#���-���è�.���'���2�������'���0�'���/� �.���/�#� ��
wear volume �8 by the formula �8 
L �G �„ �( �„ �5, where �Gis an experimentally 
determined wear factor, �( is the normal force, and �5is the total sliding distance. 
For UHMWPE, however, �Gis not a constant but rather a function of contact 
pressure and CS, as outlined above. 

It has commonly been observed in POD studies of UHMWPE sliding against 
cobalt-chromium-molybdenum (CoCrMo) that with increasing contact pressure 
the wear factor �G, and thus, the wear rate, follows a downward parabolic trend 
[30,37,39,91,147]. This has been observed in studies on the influence of changing 
contact area under constant load and changing load under constant contact area 
[37,40]. Some POD studies have also found the wear factor �Gto increase up to a 
critical contact pressure between 2 �ò 3 MPa and only then decrease with 
increasing contact pressure [40,148]. Above this threshold, protrusions on the 
surface have been reported [37]. Similar protrusions have been observed in 
explanted joints [149]. In this study, we investigated the combined influence of 
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contact pressure and cross-shear on the wear behavior of a gamma-sterilized 
UHMWPE in POD tests to obtain data for future numerical modelling studies of  
implanted joint prostheses. The surfaces of the pins used in these experiments 
were examined to determine a range of chemical and mechanical properties. 
This allowed a clearer insight into the changes that occur at the surface during  
multidirectional sliding to be achieved. In particular, the previously observed 
protrusions were examined with the aim of better understanding the influenc e 
of cross-shear and contact pressure on their formation [37].

Methods

Wear Tests
Gravimetric wear tests on UHMWPE pins were performed on an OrthoPOD 
(AMTI, Watertown, MA, USA, OrthoPOD), a six-station multidirectional POD 
tester. To increase the number of combinations of contact pressure (CP) and 
cross-shear (CS), two sets of three pins each were tested simultaneously, where 
each set of pins had a different tip diameter. While the applied no rmal force and 
CS was the same for all six stations, this enabled two different contact pressures 
to be imposed simultaneously. In total, eight tests were performed for a total of 
sixteen CS-CP-combinations (Table 2.1). The rectangular motion path, with 
length A and B, was varied to give

�%�5
L
�#

�# 
E �$

between 0.00�ò0.26, the physiologically relevant range for the knee [30]. Constant
loads of 110�ò250 N were applied to pins with diameters of 3.1�ò13.8 mm. This 
resulted in nominal contact pressures between 1.5 �ò30 MPa shown in Table 2.1, 
again representing the relevant range in the knee [20,30,91]. Each test was run 
for four interva �'�.�� �*�!�� �*�)� �� �2� � �&�����/�� �§���	�5�Û���0�+���/�*�� �¨�è�¨�®�¦�è�¦�¦�¦�� �/�*�/���'�� ���4���'� �.�Û���$�)���'�0���$�)�"������
running period of one week.

The UHMWPE pins were manufactured from stock Sulene-PE and gamma-
sterilized with an irradiation dose of 25 �ò40 kGy under nitrogen atmosphere 
(Zimmer Biomet, Winterthur, Switzerland). The base of the pin, used to hold it 
in the POD rig, had a diameter of 9.5 mm and the tip, which was in contac t with 
the counter-surface, had varying diameters (Table 2.1). The surface roughness 
(Ra) was 46± 16 µm.

The CoCrMo discs were polished to a mirror finish with a roughness below Ra < 
5 nm. The test lubricant was bovine calf serum BCS (Hyclone�� Calf Serum 
Lot#AF29165348, GE Healthcare Lifesciences, USA) diluted to a protein 
concentration of 20 g/L, the concentration commonly assumed for th e knee 
according to ISO 14243-1 [69]. Then, 7.44 g/L ethylenediaminetetraacetic acid 
disodium salt dihydrate (Sigma Aldrich, USA) and 2.4 g/L sodium azide (Sigma 
Aldrich, USA) were added as per ASTM F732 �ò17 to minimize bacterial growth 
and precipitation of calcium phosphate onto the bearing surfaces [150]. Finally , 
the lubricant was passed through a 0.7 µm filter.
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Table 2.1. Conditions used in the POD wear tests to determine the wear rates for pins of varying 
diameter. Path lengths A and B were used to calculate CS ratio. Each condition was applied to 
three pins. Loads of 110, 150, 225, and 250 N were applied to achieve the shown contact 
pressures which were calculated using the nominal contact area.
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1 01-03 3.1

225
29.8

0.26 5.5 16.0
2 05-07 13.8 1.5

2
3 09-11 13.8

225
1.5

0.00 0.0 14.0
4 13-15 3.1 29.8

3
5 17-19 3.1

110
14.6

0.12 2.0 15.0
6 21-23 5.1 5.4

4
7 25-27 3.1

150
19.9

0.04 0.7 16.0
8 29-31 5.1 7.3

5
9 33-35 5.1

250
12.2

0.18 3.5 16.0
10 37-39 9.5 3.5

6
11 41-43 3.6

250
24.6

0.08 1.4 16.0
12 45-47 13.8 1.7

7
13 49-51 9.5

110
1.6

0.04 0.7 15.0
14 53-55 5.1 5.4

8
15 57-59 9.5

110
1.6

0.12 2.0 15.0
16 61-63 3.75 10.0

The pins were pre-soaked in BCS for at least one week before each test. During 
the test, the pins were submerged in approximately 20 mL of BCS at 37 °C, which 
was replaced weekly. Gravimetric wear was measured according to ASTM F732 
- 17. For each test condition, one control pin was soaked in lubricant to  allow a 
weight correction for liquid absorption.

Wear Model Fitting
���.���/�#� ���+�$�)�è�.���/�$�+��� �3�+� �-�$� �)��� �.�����-� � �+����� �!�*�-�(���/�$�*�)�����)�����2�$��� �)�.���0�)��� �-���/�#� ���.�/���/�$�����'�*�����Û��
the tip diameter at the end of each test was measured using calipers (Futuro, 
BRW, Switzerland). The actual applied force �(�Ô�Ö�ç�è�Ô�ßat each station was measured 
using a 2500 N load cell (Mecmesin AFTI, UK). These measured values were used 
to calculate the actual contact pressure �%�2�Ô�Ö�ç�è�Ô�ß. The value of the rectangular 
sliding path length �H�Ô�Ö�ç�è�Ô�ßand of �%�5�Ô�Ö�ç�è�Ô�ß  was measured for each test from a 
���-���2�$�)�"���*�!���/�#� ���+�$�)�è�.���(�*�/�$�*�)���(����� ���2�$�/�#�������+� �)���$�'�Ú
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For each pin, the wear factor �G(mm 3N-1m -1) was calculated as follows:

�G 
L
�9�6

�H�Ô�Ö�ç�è�Ô�ß�„ �(�Ô�é�Ú�„ �é

Here, �9�6is the gravimetric wear rate calculated as the slope of the linear 
regression of wear over number of cycles from 570'000 to �¨�è�¨�®�¦�è�¦�¦�¦�����4���'� �., �éis 
the assumed material density of 935 kg/m³ [37] and �(�Ô�é�Úis the average value of 
the applied force �(�Ô�Ö�ç�è�Ô�ßthroughout the test. 

�%�2�Ô�Ö�ç�è�Ô�ß, �%�5�Ô�Ö�ç�è�Ô�ß, and �Gwere used as input to a nonlinear least-squares 
optimization to find an expression for �G�:�%�5�á�%�2�; performed in Matlab 
(Mathworks Inc., USA). Analogous to previously published models, we assume d 
that the function for the wear factor was of the form �G�:�%�5�á�%�2�; 
L �B�:�%�5�; �„ �C�:�%�2�;
[30,39,40]. Contrary to those studies, we enforced that �B�:�%�5�; 
P �r for �%�5
L �r
because wear does still occur during unidirectional sliding.

Topography
3D profiles of the surfaces were measured with a Dektak Stylus Profil ometer 
with a stylus of 2 µm diameter (Bruker, Germany). 2D profiles were taken f rom 
the 3D images. A piece of rubber was placed around the contact area to allow the 
whole pin to be measured with the contact profilometer. This has been remove d 
from the images shown to improve clarity.

Infrared Spectroscopy
All infrared spectra were measured using a Hyperion 1000 FT-IR Spectrometer 
(Bruker, Germany). Micro- FT-IR was measured with a germanium crystal with 
a tip diameter of 100 µm which was applied to the relevant features o f the surface 
with a load of 0.8 N. ATR-IR spectra were measured on the same instrument on 
a germanium crystal. The software IGOR from Wavemetrics (OR, USA) was used 
to fit the peaks around 1460 cm-1 to obtain the crystallinity [151].

Mechanical Properties
The mechanical properties of the pins were determined using a ZHN 
Nanoindenter (Zwick Roell, Germany) with a Berkovitch indenter. The QCSM 
module (quasi-continuous stiffness mode) was used to determine the 
indentation hardness at varying depths using a maximum of 50 mN load [152].

Time-of-Flight-Secondary Ion Mass Spectrometry 
(ToF-SIMS)
The surfaces of the pins were examined with a ToF-SIMS 5 (Iontof, Germany). 
The ions in the analyses beam were Bi3+ with an energy of 25 keV and a cycle 
time of 100 µs. Depth profiling was carried out with a cesium sputter gun w ith 
an energy of 1 keV. An area of 500 x 500 µm was sputtered and an area of 50 x 50 
µm was imaged. 
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Results

Wear Tests
The wear tests (Table 2.1�ú�� �2� �-� �� �$�)�/� �-�-�0�+�/� ���� ���!�/� �-�� �$�)�/� �-�1���'�.�� �*�!�� �«�­�¦�è�¦�¦�¦�� ���4���'� �.�� �/�*��
assess the wear behavior over time. Within a standard error of < 1�„10-7 mm 3/Nm, 
the wear factor remained constant during the test.

As evident from Figure 2.1.a, the dependency of �Gon CP followed a negative 
power-law decay (�%�2�?�Ô�â �= 
P �r). The wear factor �Gwas lowest for unidirectional 
sliding (CS=0) and increased when going to multidirectional sliding. Comparing 
tests 1 and 2, where �%�5�Ô�Ö�ç�è�Ô�ßwas 0.22 and 0, respectively, the wear factor was 
more than ten times higher for the high CS at 0.22 for both the large and small 
pin compared to unidirectional sliding (see data points in Figure 2.1.b). Within 
the range of non-zero CS values investigated here, there was no simple 
correlation with the wear factor (Figure 2.1. b).

Figure 2.1. Wear factor versus contact pressure (CP) and cross-shear (CS) for all pins. (a): log-
log plot of k over CP, colored with CS. (b): k over CS, colored with CP. (c): Wear factor k for 
� �����#���/� �.�/�����*�)���$�/�$�*�)�����)�����/�#� ���!�$�/�/� �����(�*��� �'�è�.���.�0�-�!����� �Ú
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Wear Model Fitting
Wear factors were small at CS=0 and then quickly increased (Figure 2.1.b), but 
did not show an obvious trend. Therefore, a curve �B�:�%�5�;with a positive intercept 
at CS=0 was chosen that rises to a horizontal asymptote so that there is no 
extrapolation to unrealistic values for values of CS larger than the upper li mit 
investigated here [30]:

�B�:�%�5�; 
L �ƒ�5 
E �ƒ�6 �„ �:�s 
F �‡�š�’�:
F�ƒ�7 �„�����;�;

Following the observed trend in Figure 2.1.a, 

�C�:�%�2�; 
L �%�2�?�Ô�0

was chosen to model the contact-pressure dependence [30,40]. All factors �=�Ü
P
�r. The curve-fitting procedure yielded the following formula, which may be used 
as input to numerical models (Figure 2.1.c):

�G�:�%�5�á�%�2�; 
L �s�r�?�: �„ �:�r�ä�r�t�r�t 
E �r�ä�z�z�z�„ �:�s 
F �‡�š�’�:
F�w�r�ä�{ �„�����;�;�; �„ �%�2�?�4�ä�:�8�=

The R² value was 0.56.

3D-Profiles
The surfaces of the pins were assessed with a profilometer after the end of the 
POD wear tests. Figure 2.2 shows the 3D profile of a pin after unidirectio nal 
sliding, along with a profile across the diameter of the pin at a right angle to the  
direction of sliding.

                                 (a)                                                                       (b)

Figure 2.2. a) 3D image of the surface of a pin with a diameter of 13.8 mm (no. 10) following 
unidirectional sliding and b) the 2D profile perpendicular to the direction of sliding

In all cases where multidirectional sliding was implemented, protrusions were 
observed on the surfaces. The smaller pins showed generally larger protrusio ns 
distributed over the whole surface (Figure 2.3). Protrusions were not observed 
on pins following unidirectional sliding (Figure 2.2 ).

The topographies of the three pins within each set of measurements, that is the 
same contact pressure and cross-shear ratio, were similar (not shown). 
However, pins of the same size sliding under different conditions showed 
differing coverage of protrusions but with similar heights (Figure 2.4 ).

The 3D profiles of the larger pins showed that the protrusions were generally 
found towards the center. At the outer edge of the larger pins, a border is visibl e 
with a low roughness (Figure 2.5). 
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                                 (a)                                                                       (b)

Figure 2.3. a) 3D profile and b) 2D profile of pin 26 with a diameter of 3.1 mm, following 
multidirectional sliding with 19.9 MPa of contact pressure and a cross-shear ratio of 0.04 . 

                                 (a)                                                                       (b)

                                 (c)                                                                       (d)

Figure 2.4. A comparison of pins with 5.1 mm diameter after sliding under different 
conditions. a) 3D profile and b) 2D profile of pin 30 (contact pressure: 7.3 MPa, cross-shear 
ratio: 0.04). c) 3D profile and d) 2D profile of pin 23 (contact pressure: 5.4 MPa, cross-shear 
ratio: 0.12)

                                 (a)                                                                       (b)

Figure 2.5. a) 3D profile and b) 2D profile of pin 46 with a diameter of 13.8 mm after sliding 
under 1.7 MPa at a cross-shear ratio of 0.08.
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Mechanical Properties and Crystallinity
For the determination of micro-hardness, each measurement point was 
repeated at least seven times on different areas of the samples. As some of the 
protrusions covered small areas, many of the repetitions were carried out  on 
different protrusions on the same pin. This might explain the larger deviation 
seen for the protrusions on the pins (Figure 2.6) than for unused pins  or areas 
without protrusions. The QCSM module was used to measure load-displacement 
curves to allow the calculation of hardness at varying indentation depths (Figu re 
2.6) [153,154].

Figure 2.6. Change in indentation hardness (GPa) with indentation depth (µm) on a pin with a 
diameter of 5.1 mm on protrusions with heights of 50-100 µm ( �„ ) and a pin with a diameter of 
13.8 mm on protrusions of 40 to 50 µm (�‹ ). Also shown are the hardness values for an unused 
pin ( �z) and at a region of a used pin in an area where there were no protrusions (�S). The inset 
shows the expanded region between 4 and 6 µm.

An FT-IR microscope was used to determine the chemistry on two of the 
protrusions on pin no. 22 with 5.1 mm diameter and pin no. 7 with 13.8 mm 
diameter, and on a relatively flat area of the pin no. 7. The low load of 0 .8 N was 
applied to the relatively large FT-IR probe with a diameter of 100 µm to en sure 
that the measurements were carried out at the surface rather than probing the 
bulk. The indentation left by the micro-FTIR tip is shown in Figure 2.7 and has a 
depth of approximately 0.5 µm. The penetration depth of the infrared light for 
UHMWPE is 0.1 µm at a wavelength of 1500 cm-1 and 1.8 µm at 750 cm-1 [155]. All 
three spectra were dominated by peaks assigned to polyethylene, as opposed to 
for example proteins from the fluid used in the wear measurements. A 
contamination of the surface is evident in the spectra in the region 1 500 to 1800 
cm-1 and is compared to the residue of the testing fluid following dryin g under 
vacuum in Figure 2.8.a. The surfaces were cleaned carefully according to ASTM 
F732 -17after use [150]. 

The three FT-IR spectra are not identical, as can been seen from a comparison 
of the peaks assigned to CH2 scissoring at around 1460 cm-1 and CH2 rocking at 
around 712 cm-1 (Figure 2.8). 
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                                 (a)                                                                       (b)

Figure 2.7. a) 3D profile of the indentation on protrusion following micro-FTIR measurement, 
b) a profile of the protrusion through the indentation showing the flattening of the surfac e by 
the Micro-FTIR tip.

(a)

                                         (b)                                                                      (c)

Figure 2.8. a) ATR-IR spectra of a sample of the dried test fluid, and unused UHMWPE in the 
region 1500 to 1800 cm-1 in comparison to the Micro-IR spectrum measured on a protrusion on 
UHMWPE following sliding:  ------- an area on the used pin 7 (13.8 mm diameter) with no 
protrusions; �Þ�Þ�Ú�Úa protrusion on a pin with diameter 5.3 mm (pin 22); �ò�ò�òa protrusion on a pin 
with a diameter of 13.8 mm (pin 7). The spectrum of dried test fluid has been scaled down on 
the y-axis to allow a comparison with the UHMWPE surface. Infrared spectra of the surface s 
of UHMWPE following sliding, peaks assigned to b) CH 2 scissoring and c) CH2 rocking for the 
three samples described in detail for each sample in Figure 9. A detailed description of th e 
crystal splitting of peaks in the IR of polyethylene can be found in [156].
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These peaks were fitted using the peak-fitting function in IGOR (Wave metrics). 
A fit of the absorbance at around 712 cm-1 could not be achieved satisfactorily 
with only the 3 peaks that have been assigned to crystalline and amorphous 
polyethylene [151,157�ò161]. Therefore, the peaks at around 1460 cm-1 were used. 
The equation given in [151] was used together with the value of 1.2 for the 
intrinsic relationship between the intensities of the peaks assigned to crystalline 
and amorphous polyethylene:

�: �Ö
L �+�:�s�v�x�v
E�s�v�y�t�; �:�s�ä�t 
H �+�v�w�r�;�¤

Where �: �Öis the crystallinity and �+is the intensity of the peaks at 1472, 1464 and 
1450 cm-1. Three of the fits are shown in Figure 2.9.

  (a)                                                                       (b)

(c)

Figure 2.9. FT-IR spectra (solid line) and fits (dotted line) using three peaks assigned to 
crystalline and amorphous polyethylene as well as the residual error in the fitting parameters: 
a) An area on the used pin 7 (13.8 mm diameter) with no protrusions; b) a protrusion on a  pin 
with diameter 5.3 mm (pin 22), and c) a protrusion on a pin with a diameter of 13.8 mm (p in 
7). The peaks at 1472 and 1463 cm-1 (both CH2 scissoring) were assigned to the crystalline phase 
and the peak at 1450 cm-1 was assigned to the amorphous phase [151,158].

The calculated crystallinities were 0.49 ± 0.003 for the area without protrusions 
(Figure 2.9.a), and 0.59 ± 0.005 (no 22) and 0.59 ± 0.01 (no 7) for protrusions both 
of the pins (Figure 2.9.b and c). The difference between the fits an d the fitted 
peaks (residuals) are shown in Figure 2.9.
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Time-of Flight Secondary Ion Mass Spectrometry
The chemistry of the protrusions on the surface of pin 7 was also probed u sing 
time-of-flight secondary ion mass spectrometry (ToF-SIMS) with depth profiling 
(Figure 2.10). An area of 500 x 500 µm was sputtered with Cs+ ions while an area 
of 50 x 50 µm was measured using Bi3+ ions. The sputtered area is shown in 
Figure 10a. The surface within the 500 x 500 µm is sputtered at the same rate 
regardless of height, thus the shape of the protrusion is still visible in the crater  
at the end of the measurement. Sufficient depth was measured to ensure that 
the chemistry through the whole height of the protrusion could be probed.

                           (a)                                                                  (b)

Figure 2.10. a) 3D profile of the area of 500 x 500 µm sputtered with cesium ions. Ions are 
detected from the center of the crater in an area of 50 x 50 µm. b) A profile through  the 
sputtered area.

The peaks dominating the spectrum were characteristic of polyethyle ne and 
could be assigned to Cx followed by CxHy, for example, C3, C3H, C3H2, C3H3 etc. 
There were, however, weaker peaks on the surface that could be assigned to 
contamination from the test fluid, including those assigned to CN -, S-, and 
CHO2

-. These peaks were monitored during depth profiling and the resulting 3D 
images are shown in Figure 2.11. The measurement of larger fragments is 
hampered by the Cs+ sputtering, which adds to the energy available and 
encourages fragmentation. 

Figure 2.11. 3D images for three negatively charged ions, CN, S, and CHO, detected on the 
UHMWPE sample. The x and y axes are both 50 µm. The z axis is approximately 8 to 10 µm 
(Figure 2.10).

It can be seen from the images (Figure 2.11) that the contamination from the test 
fluid was relatively low on the surface, consistent with the micro-FTIR, b ut 
increased in concentration at some stage during sputtering, indicating a layer of  
contamination trapped within the protrusion. Above and below this layer, the 
spectra are dominated by polyethylene.
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Discussion
Wear factors of or below 1.1�„10-6 mm 3/Nm were measured in this study. For the 
same material pairing, Saikko et al. reported larger values of approximately 2 to 
4�„10-6 mm 3/Nm for multidirectional sliding at low pressures [37,40,162] . 
However, the results here still fall in the expected range for c onventional 
irradiated UHMWPE reported by Baykal et al. [20].

The largest change in wear factor was observed on going from unidirection al to 
multidirectional sliding even at small values of CS, consistent with previous 
studies [30,31,145]. The profiles of the pins used in unidirectional measu rements 
showed only mild abrasive wear. A local maximum in wear at CS between 0.2 
and 0.3 was not detected as the highest CS used was within this range [34,141].
Moreover, the dependence of wear on CS in the multidirectional range w as not 
trivial, and resulted in a low R² value of 0.56. However, the chosen shape of 
�B�:�%�5�; was similar to functions reported in studies investigating similar ranges
of CS [30,31,39].

The wear factor decreased with increasing contact pressure, following a 
negative power law. Similar results were previously reported in othe r studies 
[31,37,40,147,163]. A change from increasing to decreasing wear factor at some 
critical contact pressure in the range of 1-5 MPa was not observed. This may be 
because too few different values of CP were investigated in that range and the 
resolution was, therefore, not high enough. 

Overall, both high pressure and low cross-shear rate contributed to achieving 
lower wear factors. At high pressures, cross-shear had little influence on the  
wear factor, while there was a trend to higher wear factors with increasing cross-
shear at low applied pressure, as observed in other studies [43]. In line with these 
observations, the fitted function �G�:�%�5�á�%�2�; had smaller values than other 
published functions [30,39,40] for small contact pressures, but it excee ded them 
for values of CP larger than 3 to 10 MPa depending on the function. 

Protrusions formed on the surfaces of all pins subjected to cross-shear. Similar 
protrusions were not only observed in pin- on-disk wear tests [36,40,164,165], but
also in hip joint implant wear tests [149,166]. While the protrusions, detecte d on 
all of the pins subjected to cross-shear were qualitatively similar on visual  
inspection, the profiles showed that their distribution was very different on the 
large and small pins (Figure 2.12). Specifically, the protrusions were higher on 
the smaller pins (Figure 2. 12.b) and more of the background was exposed to 
contact with the counter surface on the larger pins (Figure 2. 12.a). These two 
regions, protrusions and background, were found to have differing mechanical 
properties and crystallinities. At lower indentation depths, differences were 
evident in what is known as the Indentation Size Effect (ISE) region, believed to 
be caused by dislocation effects [167]. Following this region, at indentation 
depths of 4-6 µm, the correlation between the hardness and the crystalli nity, as 
measured by FTIR, is similar to that observed by Slouf et. al. [157]. Higher values 
of 0.59 for crystallinity and a hardness of 0.065 GPa were measured for the 
protrusions compared to a crystallinity of 0.49 and hardness of 0.037 GPa for the 
background, undeformed polyethylene. The hardness of the unused UHMW PE 
was consistently higher than that of the undeformed areas on a used pin. This i s
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in contradiction of previous studies that have shown an increase in hardness and 
���-�4�.�/���'�'�$�)�$�/�4���!�*�'�'�*�2�$�)�"���.�'�$���$�)�"���*�!�����	�������������"���$�)�.�/�����*���-���*���$�)�����$�)�"� �-�è�.���.�*�'�0�/�$�*n 
[168]. It should however be noted that the errors for both sets of measureme nts 
are larger than the differences. Higher crystallinity was also found at the hills of 
striations compared to valleys on retrieved tibial inserts using Raman 
spectroscopy [169].

                                                             (a)                                                  (b)

Figure 2.12. 2D profiles taken from the 3D images of a) pin 46 (13.8 mm) and b) pin 26 (3.1 mm) 
on the same x and z scale. The 2D profiles of a range of pins is given in supplementary material.

The differences in hardness between protrusions and undeformed areas is i n
seeming contradiction to the results of Heuberger et. al. who found no 
significant difference between the two areas [170]. However, in that study a 
nano-indenter was used to a penetration depth of 2 µm, a depth strongly 
influenced by ISE when using micro-indentation (Figure 2.6). FT-IR was used to 
probe the chemistry of the UHMWPE surface and showed larger amounts of  
protein [170] than observed in this study. The Micro-IR spectroscopy used here 
had a penetration depth of only about 0.1 �ò1.8 µm at wavelengths of interest. 
This was too little to detect the layer of contamination trapped as the 
polyethylene is deformed on the surface, as detected with ToF-SIMS (Figure 
2.11). The infrared spectrum of the test fluid contains a strong peak at 164 0 cm-1

that can be assigned to the amide I band of protein, the most abundant 
component of the fluid (Figure 2.8.a). The adsorbed contamination on the pin, 
measured with micro-IR, also contains a peak at approximately 1730 cm -1. This 
can be assigned to fully protonated EDTA [171]. The influence this may have on 
the wear rate and the formation of protrusions is unknown.

It can be postulated that the higher hardness of these protrusions results in a 
protection of the surface against wear, which will be more efficient on the 
smaller pins, where the protrusions show a higher coverage. As there was a 
lower coverage of protrusions on the larger pins, it can be postul ated that the 
distribution of load on these leads to higher real contact pressures on the larger 
pins, which may in turn be responsible for higher wear factors.

A ploughing mechanism was proposed by Wang et. al. to explain the shape of 
UHMWPE wear particles [33]. This involved a lip being formed by plastic 
deformation at the surface of the polymer. It can be envisaged that the 
���*�)�/�$�)�0�*�0�.�����#���)�"� ���$�)�����$�-� ���/�$�*�)���'� �����.���/�*���-� �+� ���/� �����!�*�'���$�)�"���*�!���/�#�$�.���é�'�$�+�ê���/�*���!�*rm the 
protrusions seen on the pins (Figure 2.13). This proposal is supported by the 
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evidence of sub-surface contamination within the protrusion seen in ToF-S IMS 
depth profiles (Figure 2. 11). Moreover, Heuberger et al. showed that the 
protrusions were strongly connected to the pins, rather than being loosely 
attached wear particles [170]. This was shown with scratch testing which, in 
some cases, led to the protrusions being torn out of the surface [170].

Figure 2.13. Proposed structure of the protrusion with the black line representing the 
contamination of the UHMWPE surface seen in Figure 2. 11.

The surfaces of the UHMWPE components of explanted knee implan ts show 
extensive abrasive wear and pitting, the latter seldomly being seen in laboratory 
testing [172]. F. Ansari et al. have reviewed the influence of microstructure on 
wear and fatigue [173]. While a higher crystallinity has been shown to reduce
fatigue crack propagation it also increases delamination and pitting. Fatigue 
phenomena have not been observed in multi-direction POD testing, but it can be 
speculated that a higher crystallinity in the protrusions may encourage damage 
related to the brittleness at the surface. 

Wear is strongly influenced by the combination of crystallinity and cro sslinking, 
with increased crystallinity leading to lower wear rates when the c rosslinking is 
high [174]. In this study, changes to crosslinking were not examined.

Delamination has been observed in microscopy images of retrieved UHMWPE 
components [63]. Similar observed structures on retrieved implants are 
�é�.�/�-�$���/�$�*�)�.�ê�� ���*�(�(�*�)�'�4�� ��� �/� ���/� ���� �*�)�� �-� �/�-�$� �1� ���� �+�*�'�4� �/�#�4�'� �)� �� ��� ���-�$�)�"�.��[60]. 
However, such striations appear as parallel hills and valleys of fibers oriente d 
along the sliding direction [41] compared to the more scattered protrusions 
resulting in a pimpled surface observed here. There are also reports of 
�.�/�-�0���/�0�-� �.����� �.���-�$��� �������.���é�!�*�'���$�)�"�ê��[175]. It is possible that folding, striations, and 
the protrusions are the result of a similar mechanism of repeated plasti c 
deformation. However, the flat- on-flat contact in the POD wear tests is very 
different from the contact in in vivo conditions and will be strongly influenced 
by a small misalignment. It can therefore not be concluded that the formation 
of such protrusions occurs and influences wear and surface damage in artificial 
joints. In order to determine the significance of these protrusions in vivo and 
whether changes to the hardness or crystallinity accompany their formation, it 
would be necessary to section explanted material for further analysis  such as 
micro or nano-testing of mechanical and chemical properties. 
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Conclusions
As in previously reported studies of UHMWPE, the wear factors reported here 
increased with increasing cross-shear and decreasing contact pressure. During  
multidirectional POD wear testing, protrusions were formed on the articulating 
polyethylene surfaces. The size of these protrusions and their coverage of the 
surface varied, with smaller pins subjected to higher contact pressure showing 
a higher coverage of larger protrusions. As the crystallinity and hardness o f 
these structures were higher than those of the background areas without 
protrusions, it is suggested that they protect the surface from wear, contrib uting 
to lower wear rates for smaller pins. The composition of the protrusions was 
shown by ToF-SIMS to be UHMWPE, except for a narrow, enclosed band within 
the structure that could be assigned to surface contamination through the 
lubricating fluid. It can be speculated that this layer marks the contact between 
the deformed protrusion and the original surface of the material.
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Abstract
Despite availability of in vivo knee loads and kinematics data, conventional load-
and displacement-control �'� ���� ���*�)�!�$�"�0�-���/�$�*�)�.�� �.�/�$�'�'�� �����)�è�/�� �������0�-���/� �'�4�� �+�-� ���$���/��
tibiofemoral loads from kinematics or vice versa. We propose a combined  load-
and displacement-control method for joint-level simulations of the knee  to 
reliably reproduce in vivo contact mechanics. Prediction errors of the new 
approach were compared to those of conventional purely load- or displ acement-
controlled models using in vivo implant loads and kinematics for multiple 
subjects and activities (CAMS-Knee dataset). Our method reproduced both loads 
and kinematics more closely than conventional models and thus demonstrates 
clear advantages for investigating tibiofemoral contact or wear.
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Introduction
Knowledge of in vivo tibiofemoral loads and kinematics is essential not only to 
understand knee biomechanics, but also for numerical simulations or 
experimental setups to reproduce clinical conditions. Accurate joint-le vel data 
is required to investigate soft-tissue loading [97], predict implant wear [89], and 
validate computational models [96]. 

Many studies have measured tibiofemoral kinematics in vivo using static [105]
or mobile [107,112,176] fluoroscopy. Root-mean-square-errors (RMSE) of 
relative tibiofemoral kinematics measured in vitro using single-plane 
fluoroscopy have been reported to be in the range of 0.2�ò1.3 mm for in-plane 
translations, 1.9�ò4.7 mm for out-of-plane translations, and 0.3�ò2.2° for all 
rotations [95,177�ò182]. 

Nevertheless, these ostensibly small errors still make it almost impossible to use 
fluoroscopy kinematics for predictions of knee joint contact mechanic s. For 
one, the contact loads are highly sensitive to errors in superior-inferior  and 
adduction-abduction kinematics, which can cause interface overclosur e or loss 
of contact in models of the implanted knee [92,93]. To enable model 
convergence, these degrees of freedom (DoFs) are commonly driven by a 
compressive load and sometimes an adduction-abduction moment instead. 
However, errors in the other DoFs are also critical: Upon introduction of 
kinematic errors of ±1° and ±1 mm, relative contact force errors exceeding 100% 
have been reported [92,183]. Moreover, even less than 1 mm of tibiofemoral 
positioning error can introduce more than 3 mm error in the implant contact  
point location [184] and significantly alter the center of pressure (CoP) location 
[185]. 

As an alternative approach, kinematics can be predicted from measured loads. 
The necessary direct measurements of tibiofemoral contact loads are difficul t, 
but have been performed using a small number of telemetric load-measuring 
implants [100,186]. Using such in vivo �'�*�����.�Û�����è�
�$�(�������)�������*-workers [187] were 
able to reproduce in vivo kinematics to within average absolute errors of 1.2 mm 
and 1.6°. These values, however, significantly exceeded the reported 
fluoroscopy measurement errors [188] and, as outlined above, may not yield 
accurate contact locations.

Despite the increased availability of high-quality in vivo data, the reproduction 
of measured tibiofemoral loads from kinematics or vice versa remains 
challenging. Consequently, there is an unmet need for models that can 
accurately reproduce both in vivo tibiofemoral loads and kinematics. This could 
be achieved by developing modelling techniques that enforce both a load and a 
motion on the same DoF.

Thus, to reconcile and reproduce both known loads and kinematics w ithin a 
single computational model, we here present a novel combined load and 
displacement control approach with springs (LDCS). In the DoFs this penalty-
like method is applied to, the springs keep the error between computed output 
and measured input kinematics below a defined threshold such as th e input 
kinematics' measurement error while also reducing contact load errors. The 
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LDCS method is demonstrated using finite element (FE) models of the CAMS-
Knee datasets [95], which contain both in vivo implant loads and kinematics of 
six subjects for level and downhill walking, stair descent, squat, and sit- to-stand-
to-sit. Here, our method has the additional advantage of not disregarding either 
measured load or kinematic data for each DoF. For validation, we compare 
prediction errors of conventional load- and displacement-controlled 
simulations to our LDCS method. The proposed LDCS method has several 
practical applications with boundary conditions generated from published in 
vivo datasets, laboratory knee simulators, and computational models such as 
musculoskeletal simulations.

Methods
In this study, we propose the LDCS method to reproduce both measured in vivo
loads and kinematics in a joint-level simulation of the knee. We investigated l oad 
control (LC), displacement control (DC), and LDCS setups in FE models of the 
resurfaced tibiofemoral joint. The resulting contact loads and kinematics w ere 
quantitatively validated against in vivo data from the CAMS-Knee datasets.

FE models of the CAMS-���)� � �� �+�-�*�.�/�#� �.�$�.�è�� �ùInnex FIXUC, Zimmer Biomet , 
Switzerland) tibial inlay and femoral component were constructed in 
Abaqus/Standard 6.21 (Dassault Systemes, USA). A proprietary elastic-plastic 
material model supplied by the manufacturer was assigned to the tibial inlay. It  
was meshed using linear tetrahedral elements with an average element size of 
0.9 mm [189], resulting in 43308 elements. The femoral component was 
considered to be rigid [85] with an element size of 0.5 mm, resulting in 20754 
shell elements. Penalty contact was defined with a coefficient of fricti on of 0.04 
[189]. 

Reference points (RPs) were created on the coordinate system origins of the 
femoral and tibial components as defined in the CAMS-Knee dataset [190, 
Chapter 1] and constrained to the femoral component and the inferior planar 
surface of the tibial inlay respectively (Figure 3.1). An additional kinematics 
tracking RP was created coincident with the tibial inlay RP for the LDCS scenario 
only (Figure 3.1). 

Through these RPs, relative tibiofemoral loads and kinematics from the CAMS-
Knee datasets [95] were applied as boundary conditions to the FE model in load 
control (LC), displacement control (DC), and LDCS configurations (Table 3.1):  In 
practice, flexion angles are easily measured with motion capture set ups and 
always applied as a motion in laboratory knee simulators [69�ò71]. Thus, flexion-
extension was prescribed to the femoral RP while its other DoFs remained fixed 
for all three configurations. Consequently, inlay flexion-extension w as also 
fixed. Measured axial forces and adduction-abduction moments were applie d to 
the tibial inlay RP for all three configurations. These DoFs would be e xtremely 
sensitive to even small errors in the measured tibiofemoral kinematics [9 2,93], 
prohibiting their application in DC mode. The medio-lateral (ML) direction was 
left unconstrained because the fluoroscopy kinematics errors of up to 3 mm in 
out-of-plane direction would be too large to apply measured ML kinematics an d 
ML loads are not commonly applied in test standards [69,70] and mod elling 
[59,89,119,185]. 
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The LC, DC, and LDCS models vary only in AP and IE directions, as these DOFs 
primarily govern CoP location and both loads or kinematics are commonl y used 
to drive them. For the LC scenario, measured AP forces and IE moments were 
applied to the inlay RP, whereas the measured AP displacement and IE rotation 
were applied in the DC scenario. For the LDCS scenario (Figure 3.1), the same 
AP forces and IE moments were applied to the inlay RP as in the LC scenario. 
Additionally, AP displacement and IE rotation were applied to the kinematics-
tracking RP, representing the fluoroscopy-based inlay position and orientation . 
The translational (AP) and rotational (IE) deviation of the inlay RP from the 
kinematics-tracking RP thus simply represented the inlay's deviation from the 
fluoroscopy-based kinematics. Finally, the two reference points were connected 
by nonlinear translational (AP) and rotational (IE) springs (Figure 3.1). Their 
purpose was to allow the kinematics to deviate only within the bounds of  the 
fluoroscopy measurement error of 1 mm and 1°. For inlay movement within 
these bounds, the nonlinear springs produced almost zero loads, the resulting 
kinematics were mainly load-driven, and the applied joint contact loads w ere 
closely reproduced. Outside these bounds, however, the springs stiffene d and 
corrected the inlay kinematics towards the measured AP displacement and IE  
rotation, hence yielding joint contact loads that differed from those measured. 
���#�0�.�Û�� �/�#� �� �.�+�-�$�)�"�.�è�� � �!�!� ���/�� �$�.��to reconcile the in vivo loads and kinematics and 
obtain the best reproduction of both in the contact mechanics. While their 
original purpose simply is to simultaneously reduce both the load and 
kinematics errors, they could be considered a compensation for left out  in vivo
soft-tissue structures and inertial effects as well as differing geometries, contact , 
and material properties. 

Figure 3.1. Exploded view of the components, reference points (RPs), and boundary conditions 
applied to the LDCS model.
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Table 3.1. Summary of applied loads and boundary conditions for the LC, DC, and LDCS 
boundary condition scenarios (BCS).

Degree of 
freedom Scenario

Fem. component Tibial inlay

Femoral RP Tibial RP
Kinematics tracking

RP (LDCS only)

ML all BCS fixed free free

AP

LC fixed load -

DC fixed motion -

LDCS fixed load motion

SI all BCS fixed load constrained to tib. RP

Flexion all BCS motion fixed constrained to tib. RP

Abduction all BCS fixed load constrained to tib. RP

IE rotation

LC fixed load -

DC fixed motion -

LDCS fixed load motion

The springs were designed to produce close to zero loads for small kinematics 
deviations, but large reaction loads for kinematic deviations exceeding the 
fluoroscopy measurement error. Thus, their stiffnesses were defined as �G�:�� �; 
L
�G�" �„�:�� �=�¤ �;�; , where �� was the relative AP or IE displacement of the reference 
points, �=was the aforementioned kinematics boundary (in mm or °), and �G�"was 
the stiffness at the boundary when �� 
L �=. The exponent of 7 was chosen so that 
�G�:�� �; would be close to zero for small �� , slowly start to rise when approaching 
the boundary ( �G�:�r�ä�z�=�; �� �r�ä�t�G�") and sharply rise thereafter ( �G�:�s�ä�t�=�; �� �u�ä�x�G�"). The 
stiffness �G�"was estimated based on the absolute maximum values of the CAMS-
Knee loads over all subjects, trials, and activities, such that the spring load would 
have roughly the same magnitude as the applied load at the error bounds. Values 
of �G�º�É

�ñ 
L �t�z�r�����
�(�( and �G�Â�¾
�ñ 
L �s�r�����(�
��� �" were used in the AP and IE directions, 

respectively.

The in vivo loads and kinematics data of the CAMS-Knee dataset were smoothed 
using a fourth-order Butterworth low-pass filter with a cut-off frequenc y of 6 Hz 
[125]. Then, we ran the LC, DC, and LDCS scenarios for one cycle of each of the 
six CAMS-Knee subj� ���/�.�è���'� �1� �'�� �2���'�&�$�)�"�Û�����*�2�)�#�$�'�'�� �2���'�&�$�)�"���ù�����/���� �0�)���1���$�'�����'� �� �!�*�-��
one subject), stair descent, sit-to-stand-to-sit, and squat activities, totaling 29 
simulations for each of the three scenarios. Afterwards, each of the twe lve 
tibiofemoral load and kinematic components was extracted from the FE results 
and compared to the in vivo data by calculating the overall RMSE between the 
simulated and measured time series curves. Additionally, to evaluate the 
detrimental effect of noise in input loads and kinematics on the con tact point 
location, the jitter in the AP CoP was evaluated by calculating the power spectral  
density [191], which is a measure of the roughness of a curve based on its Fourier 
transform.



3. Method to Accurately Recreate in vivoLoads and Kinematics in Computational Models of the Knee

51

Results
The LC models' kinematics exhibited maximum errors of up to 7 mm and 14° 
(Figure 3.2) and overall RMSEs higher than 1° and 1 mm (Table 3.2), while 
unsurprisingly showing excellent agreement with the measured and  applied AP 
and IE loads. In contrast, DC models showed the largest load errors of up to 29 
Nm and 1206 N, exceeding 100% relative error, but with matching kinematics. 
While the LDCS models also exhibited load errors, they were only roughly a 
�,�0���-�/� �-���*�!���/�#� ���������(�*��� �'�.�è���������!�*�-��� �� ���)�����#���'�!���/�#� ���
�����(�*�(� �)�/�� ���������� �ùTable 3.2). 
Moreover, IE rotation and AP displacement were almost always within the 
fluoroscopy error bounds (Figure 3.2). For this, the corrective springs exhibited 
loads of 15.8±23.5 N in AP and 1.6±0.9 Nm in IE direction (mean±SD). In all other 
DoFs, where boundary conditions were the same between the three scenarios, 
there were no discernible differences, as expected, with one exception . The 
extension moment errors were almost twice as large for the DC model c ompared 
to the LC and LDCS models.

Figure 3.2. Range of maximum errors of each load and kinematic component over the motion 
cycle for all 29 models (six subjects, five activities) for each boundary condition scenario. The 
grey background areas represent the fluoroscopy and load measurement errors reported by 
Taylor et al. [95].
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Table 3.2. Overall RMSE of each load and kinematic component over the motion cycle for the 
three boundary condition scenarios (BCS) and all 29 simulations. Bold : applied as a load or 
kinematic boundary condition. Italics: Not applied as a boundary condition.

Kinematics

BCS

Joint rotation RMSE [°] Joint translation RMSE [mm]

Flexion Abduction External Lateral Anterior Distraction

LC 0.1 0.8 2.5 0.9 1.0 0.4

DC 0.1 0.6 0.0 0.9 0.0 0.5

LDCS 0.1 0.6 0.7 0.9 0.5 0.5

Loads

BCS

Tibial moment RMSE [Nm] Tibial force RMSE [N]

Extension Adduction Internal Lateral Anterior Axial

LC 5.1 0.7 0.1 55 10 2

DC 9.3 1.0 5.6 56 228 2

LDCS 5.6 1.0 2.7 55 54 6

The AP CoP location varied frequently by up to 20 mm for the DC scenario, as 
illustrated for one trial of level walking (Figure 3.3, top). Importantly, this  
jittering was not solely due to occasional edge loading but occurred under 
regular contact conditions at the condylar surface. Confirming the visu al 
inspection, the high frequency components (Figure 3.3, bottom) of the DC 
scenario AP CoP were approximately an order of magnitude larger than for the 
LDCS scenario. For the LC scenario, the high frequency components were 
another order of magnitude smaller than for the LDCS scenario.

Figure 3.3. Variation of center of pressure (CoP) location in AP direction. Top: Exemplary CoP 
for one trial of level walking for the three boundary condition scenarios. Bottom: Power 
spectral density of CoP location for all models.
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Discussion
Understanding, simulating, and predicting joint contact mechanics remains 
difficult due to the inability of existing models to simultaneously rep roduce both 
in vivo loads and kinematics. Here, we introduced a novel method to incorp orate 
both load and displacement boundary conditions (LDCS) in models of the knee.  
Prediction errors of the LDCS as well as conventional LC and DC setups were 
evaluated using the CAMS-Knee datasets [95] and compared among the three 
methods.

The conventional LC models were unable to accurately reproduce in vivo
kinematics from in vivo loads, shown by a RMSE of 2.5° in IE rotation and 1 mm 
in AP translation (Table 3.2). The DC models, on the other hand, produced by far 
the largest contact load RMSE of up to 228 N and 9.3 Nm. The jittery CoP location 
and flexion moment errors suggest that even filtered single-plane fluorosco py 
kinematics alone are insufficiently accurate to reproduce in vivo contact 
mechanics. 

The LDCS method much improved upon these mismatches. The nonlinear 
springs enabled concurrent application of loads and kinematics and kep t AP and 
IE kinematics inside the specified bounds, in our case the fluoroscopy error.  The 
necessary corrective loads represented soft-tissue, geometry, and inertial 
effects, but were still significantly smaller than the corresponding joint contact 
loads measured in vivo. Thus, while the LDCS scenario also showed joint contact 
load errors, they were nevertheless a factor of two to four smaller than in the DC 
scenario. The LDCS scenario also much improved the unrealistic jittering of the 
������ �.��� �)���-�$�*�è�.�� ������ ���*���� �ùFigure 3.3). This jittering could be further remedied by 
introducing e.g. contact damping in computational models.

All three methods showed large RMSE of more than 5 Nm in the extension 
moment (Table 3.2), plausibly caused by errors in the CoP. This is indicated by 
the DC models having both the most AP CoP jittering and largest extension 
moment errors. Some of the extension moment errors may also be due to a 
different geometry of the ultra-congruent inlay in vivo following plastic 
deformation of the inlay [ 192].

Few studies evaluated prediction errors of in vivo loads in AP or IE directions. 
For example, Fitzpatrick and Rullkoetter [183] predicted tibiofemoral 
kinematics from the loads and then reapplied the resulting kin ematics to 
determine whether the same original loads would be generated. In this idealized 
scenario with matching loads and kinematics, they found RMSE of less than  2 
Nm and 70 N in IE rotation and AP loads. While the DC models showed higher 
errors (Table 3.2) because of the presence of measurement noise in the 
kinematics combined with an ultra-congruent implant geometry, the L DCS 
models successfully achieved very similar values (2.7 Nm and 54N) to the 
idealized Fitzpatrick and Rullkoetter study [183].

Overall, the LDCS method can be characterized as an extension of the pure DC 
method that yields significantly lower errors in the contact loads. The balance 
between reproducing in vivo loads or kinematics could be further tuned by 
modifying �� , the acceptable deviation limit from the in vivo kinematics.
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Currently, only the CAMS-Knee [95] and Grand Challenge [99] datasets contain 
both in vivo tibiofemoral loads and kinematics. However, these datasets already 
enable investigations of a wide range of research questions, presenting ample 
opportunities for the LDCS method to be applied. As such, investigation of knee 
joint contact mechanics to a level of accuracy not previously achieve d becomes 
possible. 

However, the LDCS method is also applicable outside of these datasets. In 
practice, researchers would be more likely to have access to measured 
kinematics from fluoroscopy complemented by loads computed from 
musculoskeletal models. As load-measuring implants are still extremely  rare, 
modelled joint contact loads can be used with the LDCS method instead. 
Applicable six DoF implant loads have been calculated using freely available  
[193, github.com/clnsmith/opensim-jam ] and commercial [194,195] multibody 
dynamics software. In the LDCS approach, these loads would be enforced less 
strictly than the kinematics, which will generally not exceed the specified e rror 
bounds. The LDCS method is therefore well suited for the described situation 
where loads are estimated and therefore uncertain but in vivo fluoroscopy 
kinematics are available.

Furthermore, our LDCS method can also be used to reproduce laboratory knee  
simulator tests. In such tests, the loads and motion of the machine can be 
recorded, yielding synchronized input loads and kinematics for a model to 
replicate. With the LDCS method, the same contact conditions as in the 
laboratory test can be replicated in a FE model better than with LC and DC 
methods. This enables further investigations into implant wear and damage, e.g. 
to evaluate internal stresses or validate computational wear models.
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Abstract

Experimental knee implant wear testing according to ISO 14243 is a standard 
procedure, but it inherently possesses limitations for preclinical evaluation s due 
to extended testing periods and costly infrastructure. In an effort to overcome 
these limitations, we hereby develop and experimentally validate a finite 
element (FE) based algorithm, including a novel cross-shear and contact 
pressure dependent wear and creep model, and apply it towards understandin g 
the sensitivity of wear outcomes to the applied boundary conditions.

Specifically, we investigated the application of in vivo data for level walking from 
�/�#� �� �+�0���'�$���'�4�� ���1���$�'�����'� �� �é���/���)�ê�� �����/���.� �/�Û�� �2�#�$���#�� ���*�)�/���$�)�.�� �.�$�)�"�'� �� �-� �+�-� �.� �)�/���/�$�1� ��
tibiofemoral loads and kinematics derived from in vivo measurements of six 
subjects, and compared wear outcomes against those obtained using the ISO 
standard boundary conditions. To provide validation of the numerical models, 
this comparison was reproduced experimentally on a six-station knee wear 
�.�$�(�0�'���/�*�-�� �*�1� �-�� �«�� �(�$�'�'�$�*�)�� ���4���'� �.�Û�� �/� �.�/�$�)�"�� �/�#� �� �.���(� �� �$�(�+�'���)�/�� ���/���)�è�.�� �����/���� �2���.��
obtained from. 

Experimental implementation of ���/���)�è�.�� ���*�0�)�����-�4�� ���*�)���$�/�$�*�)�.�� �$�)�� ���$�.�+�'����� �(� �)�/��
control resulted in approximately three times higher wear rates (4.4 vs. 1.6 mm³ 
per million cycles) and a more anterior wear pattern compared to the ISO 
standard in force control. While a force-controlled ISO FE model was unable to 
reproduce the bench test kinematics, and thus wear rate, displacement-
controlled FE models accurately predicted the laboratory wear tests for both IS O 
and Stan boundary conditions. The credibility of the in silico wear and creep 
model was further established per the ASME V&V-40 standard. The model is thus 
suitable for supporting future patient specific models and developme nt of novel 
implant designs.
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Introduction
Longevity of knee implants is a major concern for the two thirds of  total knee 
arthroplasty (TKA) patients who are less than 65 years old [17]. Today, long term 
failure of knee implants due to wear of the polyethylene (PE) in lay [16] or related 
to aseptic loosening [138,196] still occurs, despite improvements in i mplant 
designs and material such as PE crosslinking. Efforts to comprehensively 
investigate and increase the long-term wear resistance of knee implants, 
however, are somewhat constrained by limited accessibility and viability o f 
current preclinical wear testing methods.

Knee implant wear is typically evaluated by means of laboratory wear tests.  
However, experimental wear testing is extremely time-consuming and costly: A 
test running for five million cycles at 1 Hz takes approximately fo ur months to 
complete [73]. Thus, experimental implant wear testing is not a practicable tool 
to compare more than a few conditions or designs at a time. Moreover, 
variability in the outcome wear measures can be considerable and repe atability 
may be challenging  to achieve [91]. 

To provide a viable alternative, computational wear simulations, mostly based 
on deformable finite element (FE) models, have been developed [30,89,197]. 
Such computational models have proven to strongly complement experimental 
testing by being orders of magnitude faster and not requiring dedicated 
personnel and infrastructure [74]. This allows evaluating the influence of 
parameters such as implant design, implant positioning, or loading conditions 
on wear, each taken individually or simultaneously in probabilistic studies [ 75]. 
However, for such models to be useful, their credibility must first be established 
[8].

When mechanical and in silico wear simulations aim to predict in vivo wear, 
applied loads and kinematics should be representative of in vivo conditions. 
While such data has historically been scarce, in vivo implant loads and 
kinematics have now been made publicly available as part of the CAMS-Knee 
dataset [95]. More recently, the data from the 6 CAMS-Knee subjects were 
�.�/���)�����-���$�5� �����$�)�/�*���/�#� ���.�$�)�"�'� �����1� �-���"� �����é���/���)�ê�������/���.� �/�Û�����)�����/�#�0�.���(����� ��������� �.�.�$���'� ��
for mechanical wear simulation [190, Chapter 1]. Interestingly, the commo nly 
used ISO 14243-1 standard loads and kinematics [69], which were calculated 
from simplified models, were shown to differ from the Stan loads and 
kinematics measured in vivo for level walking. 

In this exploratory study, we firstly aimed to develop and validate an advanced 
computational wear and creep model for predictions of how patient- and 
implant-specific factors impact PE inlay wear. To this end, a cross-shea r and 
contact-pressure dependent wear model was combined with a novel creep 
prediction method. The necessary input material data was obtained from fully 
independent experimental studies. Secondly, the first comparison of wear 
�-� �.�0�'�/�$�)�"�� �!�-�*�(�� �/�#� �� ���+�+�'�$�����/�$�*�)�� �*�!�� ���/���)�è�.�� �'�*�����.�� ���)���� �&�$�)� �(���/�$���.�� �/�*�� �2� ���-�� �$�)���0��� ����
from the ISO standard boundary conditions (BCs) was performed using both  
computational simulation and experimental testing of wear. 
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Methods

Wear Test
Related to the first aim of the study, the main purpose of the experimental wear 
test was to validate the computational wear and creep model (see below). 
Additionally, it served to compare the effect of the two different BCs on we ar for 
the second aim of this study. For consistency, all experiments and 
computational simulations were performed on the same ultra-congruent 
cruciate-sacrificing TKA implant (Innex® FIXUC, Zimmer Biomet, Switzerland), 
which was also implanted in the patients involved in the CAMS-Knee and Stan 
investigations.

Implant components were tested on a six-station knee simulator (AMTI, 
Watertown, USA), which allowed control of femoral flexion angle a nd anterior-
posterior (AP) force or translation, as well as tibial axial force and int ernal-
external (IE) moment or rotation (Figure 4.1). The tibial component was fi xed to 
have a post� �-�$�*�-���.�'�*�+� ���*�!���¬�š���������*�-���$�)�"���/�*���/�#� ���(���)�0�!�����/�0�-� �-�è�.���.�0�-�"�$�����'���/� ���#�)�$�,�0� �Ú

Figure 4.1. Wear test specimens consisting of PE inlay, tibial, and femoral components fixed 
in the bench test setup in dry (foreground) and sealed with lubricant (background) state.

The test lubricant was bovine calf serum (Hyclone �� Calf Serum, Cytvia, USA) 
diluted to a protein concentration of 20 g/L [ISO 12443-1, 69]. Additionally, 7.4 
g/L ethylenediaminetetraacetic acid disodium salt dihydrate (Fisher Scientific, 
USA) and 2.0 g/L sodium azide (Fisher Scientific, USA) were added to hinder 
bacterial growth and build-up of calcium phosphate on the implant surfac es 
according to ASTM F732 �ò 17 [150]. The specimens were pre-soaked in this 
lubricant for 12 weeks prior to testing.

In the bench test setup (Figure 4.1�ú�Û���/�#� ���
�����������.�����.���2� �'�'�����.�����/���)�è�.���&�$�)� �(���/�$���.���!�*�-��
level walking and the associated CAMS-HIGH100 loads [190, Chapter 1] were 
applied to the implants (Table 4.1 �ú�Ú�� ���/���)�è�.�� �����/���� �2� �-� �� ���+�+�'�$� ���� �$�)�� ���$�.�+�'����� �(� �)�/-
control (DC) to closely reproduce the in vivo contact mechanics in the bench test 
���)���� �(�*��� �'�.�Ú�� ���*�-�� ���*�)�.�$�.�/� �)���4�Û�� ���/���)�è�.�� ���*�)���$�/�$�*�)�.�� �2�*�0�'���� �$��� ���'�'�4�� �#ave been 
compared to the DC ISO 14243-3:2014 standard. However, preliminary FE 
simulation of the DC ISO standard showed excessive posterior edge loading, also 
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observed in other studies [198,199], which led to dislocation of the implant.  
Therefore, the force-controlled (FC) ISO 14243-1:2009 standard was used as a 
���*�(�+���-�$�.�*�)���!�*�-�����/���)�è�.���'�*�����.�����)�����&�$�)� �(���/�$���.�Ú��

One group of three specimens was subjected to the ISO FC BCs and one group of 
�/�#�-� � ���.�+� ���$�(� �)�.���2���.���.�0���%� ���/� �����/�*�����/���)�è�.���&�$�)� �(���/�$���.���$�)���������(�*��� ���ù�
����FC,exp,nom and 
StanDC,exp,nom in Table 4.1, respectively). The ISO AP force, IE moment, and 
flexion angle were applied as per the FC standard [ISO 12443-1, 69]�Ú�����/���)�è�.����������-
HIGH100 loads and kinematics were transformed to the ISO coordinate system 
and AP and IE kinematics (DC mode) and axial force were applied consistent 
with the DC ISO standard [ISO 12443-3, 70]. For each group, two additional soak-
control specimens were submerged in lubricant and subjected to the same  axial 
load profile as the wear specimens, but without any other loads or mo tion, to 
correct for PE weight changes due to fluid uptake. 

Table 4.1. Overview of experimental and modelling boundary conditions. Note that flexion 
angle and axial force are driven in displacement and force control, respectively, for all tests 
regardless of the stated control mode, for consistency with ISO standards.

Name
(BCmode,type,input) C
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o
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Description of type 
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Range of input tibial 
load/kinematics values
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-1

 (
20
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)
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 (

F
C

) Bench test with 
nominal inputs

Flexion angle: 
Axial force: 
Anterior force: 
Internal moment:  

0 to 58°
168 to 2600 N
-110 to 265 N
-6 to 1 NmISOFC,mod,nom

FE model with 
nominal inputs

ISODC,mod,meas

D
is

pl
ac

em
en

t (
D

C
)

FE model with bench 
test measured 
loads/kinematics

See ISOFC,exp,nomin Figure 4.4

StanDC,exp,nom

S
ta

n 
le

ve
l w

al
ki

ng

Bench test with 
nominal inputs

Flexion angle: 
Axial force: 
Anterior motion: 
Internal rotation:  

-2° to 48°
245 to 3187 N
-5.1 to 0.7 mm
-0.1° to 4.0° StanDC,mod,nom

FE model with 
nominal inputs

StanDC,mod,meas

FE model with bench 
test measured 
loads/kinematics

See StanDC,exp,nomin Figure 4.4

The test was performed at 1.1Hz for 5 million cycles (MC). Wear was measured 
�"�-���1�$�(� �/�-�$�����'�'�4�� ���/�� �«�¦�¦�è�¦�¦�¦�� ���4���'� �.�� ���)���� ���!�/� �-�2���-���.�� ���/�� � �1� �-�4�� �!�0�'�'�� ������ �0�)�/�$�'�� �/� �.�/��
completion. Subsequently, the volumetric wear rate of each PE inlay was 
calculated from the slope of the regression line fitted to the wear volu me over 
number of cycles, assuming a PE density of 0.935 g/cm3 [37]. The effective loads 
and kinematics applied by the testing machine to the implants were reco rded 
� �1� �-�4�� �¨�¦�è�¦�¦�¦�� ���4���'� �.�� �/�*�� ���'�'�*�2�� �/�#� �� ���1� �-���"� �� ���+�+�'�$� ���� �'�*�����.�� ���)���� �&�$�)� �(���/�$���.���/�*�� ��� ��
calculated.
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Before and after the test, the three-dimensional inlay geometry was measured 
using a structured light 3D scanner (Pro S3, HP Inc., USA) with a resolution of 
�Ï�«�¦���n�(�Ú�����#� ���0�)�/� �.�/� �������)�����/� �.�/� �����©�����"� �*�(� �/�-�$� �.���*�!��� �����#���.�+� ���$�(� �)���2� �-� �����'�$�"�)� ����
using an iterative closest point algorithm and the change in surface geomet ry 
due to wear and creep was plotted using custom Python scripts.

Finite Element Model
Finite element (FE) models of the experimental test setup (Figure 4.2) were 
created in Abaqus/Standard 6.21 (Dassault Systèmes, USA). These models 
consisted of the PE inlay and the femoral component, with tibio-femoral contact 
defined by a coefficient of friction of 0.04 [189]. The tibial component was not 
modelled, as the predicted backside wear on the fixed inlay would be mi nimal 
[200]. To enable faster convergence, automatic tangential contact damping w as 
activated, but scaled down by a factor of 0.0001 after confirming a negli gible 
impact on model outputs. The inlay was assigned elastic-plastic materia l 
properties calibrated by the manufacturer to material characterization tests on 
the PE used in the Innex implant. Element size was chosen based on a 
convergence study on contact pressure and wear, reaching a change in output 
<2% between two successive mesh refinements. The inlay was assigned a 
general element size of 2.5 mm, with 0.9 mm elements on the contact surf aces, 
�-� �.�0�'�/�$�)�"���$�)���ª�§�è�®�©�©���,�0�����-���/�$�����/� �/�-���#� ���-���'��� �'� �(� �)�/�.�Ú�����#� ���!� �(�*�-���'�����*�(�+�*�)� �)�/���2���.��
modelled as a rigid shell [85] with an element size of 0.5 mm on the contact 
surfaces and approximately 2 mm on the sides, for a total 22�è�­�¬�ª�� �'�$�)� ���-��
�,�0�����-�$�'���/� �-���'�� ���)���� �/�-�$���)�"�0�'���-�� � �'� �(� �)�/�.�Ú�� ���#� �� �/� �.�/�$�)�"�� �(�����#�$�)� �è�.�� �!�$�3�/�0�-� �.�� �2� �-� ��
represented by rigid connector elements (Figure 4.2) to which the Stan and ISO 
input loads and kinematics were then applied, resulting in the ISO FC,mod,nom  and 
StanDC,mod,nom models (Table 4.1). Each boundary condition motion cycle was split 
into 200 time intervals, based on a temporal convergence study considering 
volumetric wear, leading to a difference of <0.2% between two interval sizes.

Figure 4.2. Exploded view of the finite-element model, consisting of the inlay (beige) and 
femoral (green) components and the rigid connector elements representing the wear 
simulator fixtures.
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For the same input loads or kinematics, slightly different resultant contact loads  
and kinematics could be expected between the knee simulator, which is affecte d 
by inertia, tolerances, and control system delays, and the FE model, which is 
affected by simplifications and idealized component geometries. This is 
especially the case for FC mode, where deviations of several millimetres and 
degrees commonly occur [86,198,201]. To evaluate the influence of these 
different contact mechanics on wear and creep prediction, two additional 
simulations were run. Specifically, the average kinematics and axial forces of 
the ISO and Stan groups measured on the testing machine were applied to the 
corresponding FE models in DC mode (ISODC,mod,meas  and StanDC,mod,meas in Table 
4.1). In this manner, the wear rates of the FE model and experiment were 
evaluated under identical contact kinematics. 

Wear and Creep Prediction Algorithm
Implant wear is known to depend on contact mechanics, but contact mec hanics 
progressively change if the surface geometry is altered by wear or creep [202]. 
To ensure appropriate modelling of wear [86,88], this interdependenc e was 
reproduced iteratively in our wear and creep prediction algorithm 
�ù�)���(� ���� �é��� ���-���4�ê�ú�Û�� ���� ���0�.�/�*�(�� ���4�/�#�*�)�� ���*��� �� �/�#���/�� ���$�-� ���/�'�4�� �$�)�/� �-�����/�.�� �2�$�/�#�� �������,�0�.��
(Figure 4.3).

Figure 4.3�Ú�� ���'�*�2���#���-�/�� �*�!�� �/�#� �� �é��� ���-���4�ê�� �$�(�+�'���)�/�� �2� ���-�� ���)���� ���-� � �+�� �+�-� ���$���/�$�*�)�� �+�$�+� �'�$�)� �Ú�� �	� �-� �Û�� �)��
represents the current number of cycles in the analysis, which is iterative with steps of fewer 
cycles ninc and stops when the maximum number of cycles n max is reached.

WearPy divides the total number of cycles n max (5 MC here) into steps of fewer 
cycles ninc. Each step consists of the solution of the FE model described above 
for a single motion cycle, the calculation of wear and surface loads from  the 
results, and the extrapolation of the wear and simulation of the creep o ver n inc

cycles until the next step. The removal of material due to wear and t he 
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deformation due to creep are modeled by updating the surface nodal posit ions. 
A preliminary convergence study on a pin- on-disk model showed that a change 
in surface geometry of up to 0.01 mm would not significantly change the contact 
mechanics. Thus, to ensure a smooth progression of surface deformation [88], 
WearPy automatically chose the largest possible number of cycles per step (n inc) 
such that the larger of wear and creep caused surface deformations of exactly 
0.01 mm and the smaller of wear and creep consequently caused <0.01 mm of 
deformation. After calculating a step wear and creep for the chosen nu mber of 
cycles, the inlay mesh was updated, and the whole procedure was repeated until 
nmax=5 MC was reached.

Wear Model
To model the critical influence of cross-shear and contact-pressure on  wear [20], 
�/�#� ���'�*�����'���2� ���-����� �+�/�#���f�����/��� �����#���)�*��� ���2���.�������'���0�'���/� �����0�.�$�)�"�������(�*���$�!�$� �����1� �-�.�$�*�)���*�!��
���-���#���-���è�.��Law: 
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Here, �E�3�� �$�.�� �/�#� �� �.�'�$���$�)�"�� ���$�.�/���)��� �Ûand k(CS,CP), measured in mm3N-1m -1, is the 
wear factor as a function of cross-shear ratio CS as calculated by Goreham-Voss 
et al. [203] and contact-pressure CP. The wear factor k(CS,CP) was defined as:
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This empirical expression was derived from comprehensive pin- on-disk wear 
tests performed on the same PE material from which the inlays in this study  are 
made [204, Chapter 2]. 

Creep Model
To improve the accuracy of the contact-pressure dependent wear model, it is 
necessary to include surface deformations due to creep in the model  [205]. Thus, 
a model for dynamic compressive creep of PE from the literature [206] was 
adapted, assuming 50% of creep deformation would be recovered [207] during 
the test interruptions to measure gravimetric wear as well as after the te st. The 
formula to calculate the creep strain �B�a�p�c�c�nbased on the von-Mises stress �P�Z�Q

and the time in minutes, �–�k�g�l�s�r�c�q, was defined as:
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Th�$�.�� � �,�0���/�$�*�)�� �2���.�� �$�(�+�'� �(� �)�/� ���� �$�)�/�*�� �/�#� �� �������,�0�.�� �é�����������ê���0�.� �--subroutine. As 
part of the wear prediction algorithm, a separate creep analysis was 
automatically performed to determine the geometrical changes that occur over 
the number of cycles n inc between two steps. During this creep analysis, the 
average over time of all the free-body-forces from contact and boundary 
conditions acting on each node of the inlay during the motion cycle was 
extracted from the solution of the FE model described above and then, in a 
separate creep simulation, applied as a static load to each node of the inlay. 
Thus, creep deformation was calculated for the whole inlay. To our know ledge, 
this is the first study to consider creep of a whole knee implant component, a s 
other studies only modelled creep in a local contact area [84,88,89,91].
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Verification and Validation
To assess the credibility of the modelling approach and WearPy, verification and 
validation was performed according to ASME V&V 40-2018 [78] and regulatory 
[80] guidelines (see supplementary material S4). To this end, the validation 
included a comparison of the FE models and the experimental test comparator  
for the ISO and Stan conditions. A hypothetical context of use was defined, 
where the wear would be predicted during development of a new knee implant  
to identify the worst-case configuration for experimental wear testing.  Finally, 
each of the credibility factors was independently assessed relative to th e model 
risk associated with using the model here to support comparative evaluation of 
TKA designs.

Results
Three different sets of results were obtained: First the knee simulator test, 
second the corresponding FE models with the same input data, and third the FE  
models with kinematics input that was directly measured in the knee simul ator 
�/� �.�/�Ú�����*�-��� �����#���*�!���/�#� ���/�#�-� � ���.� �/�.�Û�����/���)�è�.��in vivo condition and for the standard ISO 
condition are reported.

Joint Loads and Kinematics

Stan BC vs. ISO BC
Comparing the outputs, the test and models with Stan's BCs exhibited higher 
peak axial forces (~3187 N vs. ~2600 N) and peak external moments (9.6 to 20.5 
Nm vs. 1.9 to 7.1 Nm) than with the ISO BCs (Figure 4.4). For the kinematics, 
however, Stan's BCs resulted in lower peak flexion angles (~49° vs ~58°), tibial 
in ternal rotation angles (~3.9° vs. 7.5° to 10.3°), and tibial anterior translation (0.6 
to 0.7 mm vs. 4.1 to 5.5 mm) than the ISO BCs.

ISO BC: Experiment vs. Model
For the ISOFC,exp,nom test and ISOFC,mod,nom model with the same inputs, there was 
no more than  23 N difference in peak output AP force and 1 Nm in IE moment 
(Figure 4.4). The kinematics peaks, however, deviated by up to 1.4 mm in the AP 
and up to 2.9° in the IE directions, especially during swing phase.  Moreover, in 
the ISOFC,exp,nom test, the peak internal rotation and anterior translation values 
�1���-�$� ���� ���4�� �0�+�� �/�*�� �¨�Ú�«�š�� ���)���� �§�� �(�(�� �*�1� �-�� �/�#� �� ���*�0�-�.� �� �*�!�� �/�#� �� �/� �.�/�Ú�� ���#� �)�� �/�#� �� �/� �.�/�è�.��
experimentally measured kinematics were applied to the ISO DC,mod,meas model, 
tibial loads differed from the FC ISO standard input loads. Specifically, AP 
contact forces acted only posteriorly and exceeded 500 N, compared to 230 N in 
the anterior and 130 N in the posterior directions for the ISO FC,exp,nom test and 
ISOFC,mod,nom model with nominal ISO inputs. External moments of the 
ISODC,mod,meas model were low, however, at only 1.9 Nm compared to 7.1 Nm in 
the wear test. 
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Stan BC: Experiment vs. Model
For the Stan DC test and two FE models, the output kinematics were in close 
agreement with differences in peak AP translation and internal rotation of less 
than 0.2 mm and 0.1°. In contrast, load deviations between the experiment and 
the DC models were observed. Mostly anterior tibial forces of up to 93.5 N were 
observed experimentally, while both the Stan DC,mod,nom and StanDC,mod,meas models 
predicted mostly posterior forces of up to 408 N and 461 N, respectively (Figure 
4.4). Again, the modelled external moments of up to 12.2 Nm were lower 
compared to up to 20.4 Nm measured in the wear test. Moreover, in the 
StanDC,exp,nom test, the peak internal moments and anterior forces varied by up to 
8 Nm and 200 N over the course of the test.

Figure 4.4. Resulting joint loads and kinematics measured for the specimens on the simulator 
(mean over all test intervals and specimens and interquartile ranges (IQRs) of each specimen), 
simulated using finite-element analysis with the same inputs (ISO FC,exp,nom and StanDC,exp,nom), 
and simulated using the experimentally measured kinematics as input to the FE model 
(ISODC,exp,meas and StanDC,exp,). Forces and moments are expressed as external loads acting on the 
articulating surface of the tibial inlay.

Wear
The experimentally measured linear volumetric wear rate from 0.5 �ò5.0 MC was 
1.3�ò1.9 mm3/MC for the ISOFC,exp,nom group and a more than two-and-a-half times 
higher 3.5�ò4.9 mm3/MC for the StanDC,exp,nom group (Figure 4.5). The StanDC,mod,nom

model predicted a wear rate of 4.3 mm 3/MC, falling well within the experimental 
range for these BCs. This was not the case for the ISOFC,mod,nom model, which 
predicted a wear rate of 4.8 mm3/MC, being about three times higher than the 
corresponding experimentally obtained values. In contrast, both the 
ISODC,mod,meas and StanDC,mod,meas models driven by the experimental kinematics 
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predicted wear rates that fell within the experimental ranges at 1.6 and 3.5 
mm 3/MC, respectively (Figure 4.5).

Figure 4.5. Wear rates measured for the specimens on the simulator (Laboratory test), 
simulated using finite-element analysis with the same inputs (FEA FC/DC nominal), and 
simulated using the experimentally measured kinematics as inputs to the FE model (FEA DC 
mean measured kinematics).

Surface Deformation
The ISOFC,exp,nom test induced clear surface deformation to the medial and 
posterior facets of the inlay, even though the overall wear rate was low er than 
for StanDC,exp,nom (Figure 4.6). The ISODC,mod,meas model with the same kinematics 
showed similarly posterior surface deformation, while the ISO FC,mod,nom model 
showed posterolateral and anteromedial surface deformation. For the DC Stan 
condition, there was posterolateral and anteromedial surface deformation in the 
laboratory test and both models. Overall, the combined surface deformation 
induced by wear and creep in the FE simulations showed qualitative visual 
agreement with the 3D scan measurements on the corresponding physical t est 
specimens. 

Verification and Validation
The credibility of the verification and validation activities was evaluated in 
accordance with standardized [78] and regulatory [80] guidance on model 
credibility (see supplementary material S4). Implementation of the scheme 
from the FDA guidance had practical challenges associated with mapping the  
proposed five-level gradation scheme for risk (the x-axis in Supplem entary 
Figure S.5) to credibility factors that have either three or four gradations (the y-
axis). Nevertheless, the resulting evaluation provided a visual and easily 
interpretable overview of the credibility of the model. The conclusion from this 
assessment was that the modeling approach here is credible for use in support 
of low to medium model risk applications. 
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Figure 4.6. Surface deviation in the axial direction caused by wear and creep after 5 MC for the 
four models and the test specimens. Each test specimen plot represents the mean deviation of 
the three corresponding specimens.

Discussion
Laboratory based testing of knee implant wear based on the currently 
established ISO boundary conditions is expensive and time consuming. 
Therefore, laboratory wear testing is rarely feasible for larger scale 
investigations into the effect of implant design, patient or surgical factors,  or 
activity on implant wear. In an effort to address this challenge, the efficacy of 
FE simulation coupled with advanced PE wear and creep models as an 
alternative method of wear quantification was demonstrated here. Systematic 
model verification and validation was carried out, and the first comparison of 
the recently published standardized tibiofemoral implant loads and kinematics  
�û�é���/���)�ê�Û���§�¯�¦�Û�����#���+�/� �-���§�üagainst the ISO boundary condition was performed. To 
our knowledge, this is also the first study investigating wear of the Innex knee 
implant by means of laboratory testing or computational modelling, hence 
providing quantitative evidence supporting the widely used CAMS-Knee datasets  
[95].

���#� ���(���$�)���!�$�)���$�)�"���2���.���/�#���/�����/���)�è�.���'�*�����.�����)�����&�$�)� �(���/�$���.���-� �.�0�'�/� �����$�)���#�$�"�#� �-���2� ���-��
rates and different surface deformation patterns compared to the ISO FC 
standard. Moreover, the FE wear model was able to accurately predict 
experimentally obtained wear, but was shown to be sensitive to inaccurate 
calculation of the joint kinematics. The experimental wear rates of 1.3 �ò1.9 
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mm 3/MC for the ISOFC,exp,nom test and 3.5�ò4.9 mm3/MC for the StanDC,exp,nom test 
were lower than expected, however, compared to 5 �ò40 mm3/MC for various 
other knee implant models with inlays made from conventional non highly  
crosslinked PE [208]. The wear occurring more anteriorly on the medial than on 
the lateral condyle is consistent with earlier investigations of tibiofemo ral 
contact locations for the CAMS-Knee data on the same implant model [130] and 
of wear for similar in vivo data on another implant design [209]. 

The low wear rate of the ISOFC,exp,nom experiment can be explained by the contact 
occurring mainly on the posterior inlay edge. This is evident from the visible 
deformation for both the ISO DC,mod,meas model and the 3D scans (Figure 4.6). The 
posterior contact led to a small contact area, resulting in little overall implant  
wear. In comparison, the ISO FC,mod,nom model with nominal inputs predicted 
contact to occur roughly 2 mm more anteriorly on the inlay (Figure 4.4, top  
right). This resulted in a larger contact area (Figure 4.6, middle left), more 
relative sliding and less rolling, and almost three times more wear (Figure 4.5), 
as a larger contact area can increase wear even with the same load applied 
[30,39,40]. The large wear rate mismatch between the ISOFC,mod,nom model and the 
corresponding ISOFC,exp,nom experiment could therefore be due to limited 
represe�)�/���/�$�*�)�� �*�!�� �/�#� �� �.�$�(�0�'���/�*�-�� �(�����#�$�)� �è�.�� �$�)� �-�/�$���'�Û�� �!�-�$���/�$�*�)�Û�� ���)���� ���*�)�/�-�*�'��
properties in the FC FE model, limiting its predictive capabilities with re spect to 
joint kinematics. This is a common limitation of FC computational models 
[86,198,201] and does not necessarily indicate poor modelling of the wear 
mechanism itself. 

Wear was accurately predicted by our algorithm. The DC models driven by 
nominal (Stan DC,mod,nom) and measured (ISODC,mod,meas and StanDC,mod,meas) 
kinematics all predicted wear rates within the range of experimentally 
measured values. The experimental surface wear patterns were more spread out 
than the model predictions and showed edge deformations. This is like ly due to 
the observed variability in kinematics over the course of the test and for th e 
ISODC,exp,nom due to an unwanted motion that occurred once after a test restart  
and deformed the inlay edges. However, the surface deformation patterns stil l 
qualitatively matched the three DC models. All this was achieved without tuning 
�/�#� ���(�*��� �'�.�è���0�)��� �-�'�4�$�)�"���(���/� �-�$���'�������/�����/�*���/�#� ���1���'�$�����/�$�*�)��� �3�+� �-�$�(� �)�/�.���$�)�����)�4���2���4�Û��
rather the material data was obtained from separate experiments. Wear volume 
and pattern were inaccurately predicted only for the ISO FC,mod,nom model, where 
the joint kinematics differed most compared to the experiment. This shows that 
knee implant wear can be predicted accurately if the underlying joint model is 
able to reliably reproduce the real-world joint contact mechanics, but may be  
inaccurate if not, highlighting the importance of exact in vivo measurements of 
joint kinematics for patient-specific models. 

Specifically, accurate kinematics seem to be of higher importance for we ar 
prediction than accurate loads. As discussed above, the ISOFC,mod,nom �(�*��� �'�.�è��
output kinematics deviated from the ones measured in the experiment by  only 
a few mm/degrees but resulted in a threefold difference in wear rate. In contrast, 
the StanDC,mod,nom �(�*��� �'�è�.���'�*�����.����� �1�$���/� �����!�-�*�(���/�#� ��� �3�+� �-�$�(� �)�/�����4�������!�����/�*�-���*�!���/�2�*��
for the internal moment and four for the anterior force, but still pre dicted wear 
rates accurately. The relatively large axial force is likely the main load driver for 
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wear, while transverse load errors in DC models are less consequential. 
Reinforcing this deduction, other studies have also shown that variations in the  
joint kinematics e.g. in AP and IE directions [48] had a larger impact on wear 
predictions than changes in the applied AP and IE loads [75,93].

Applying the Stan kinematics and associated CAMS-HIGH100 loads resulted in 
almost three times more wear than applying the ISO FC boundary conditions. 
While this is the first wear simulation study using the recently publi shed Stan 
dataset, others have applied in vivo loads collected earlier from some of the same 
subjects with instrumented implants in FC mode. The reported wear rates, 
compared to the ISO FC BCs, exhibited large variability, going from comparable  
[209], slightly higher [119], to up to three times higher [59]. However, such 
comparisons between test standards may not necessarily yield the same results 
for other implant designs [198], prohibiting a general interpretation of the se 
results. Yet, while the body of evidence is still small, these and this study' s results 
suggest that wear testing boundary conditions derived from in vivo
measurements induce more wear than the standard ISO FC conditions. 

A limitation of this study is that only one ultra-congruent implant design in o ne 
combination of component sizes and two sets of boundary conditions wi th 
different control methods were investigated. Further investigation of other 
implant designs and boundary conditions, e.g. the DC ISO standard and Stan's 
other activities of daily living, should be considered to more comprehensivel y 
investigate the effects of BCs derived from in vivo measurements on wear testing 
outcomes. Furthermore, the FE models presented here did not model the 
variability in component positioning, loads, kinematics, and geometry, which is  
unavoidable on a knee simulator, and thus did not account for rare extreme 
motions and their possible impact on surface deformations and wear rates. Onl y 
the articulating surface was considered and only abrasive wear was modelled. 
The size of the contact patches was not measured experimentally, so no 
validation of the modelled contact area, which may have influenced predicte d 
wear rates, was possible. Lastly, the PE material density and creep model were 
not obtained for the specific PE material investigated here. Notwithstanding 
these limitations, the experimental wear rates were accurately reproduced by  
the FE models, which were based on independent prior studies of PE mechanical 
properties and wear. 

We recommend that future computational wear simulation studies not only use 
in vivo kinematics, but also consider multiple activities of daily living [59,11 9]
and incorporate uncertainty in their evaluation to account for the sensitivity of  
wear models to variations in contact mechanics. This could be achieved using 
available standardized BCs [71,72,115,190] complemented with a sensitivity 
analysis [75] or by modelling wear using data of multiple patients and trials 
[95,99]. To make these rich datasets accessible for preclinical evaluation of 
implant wear, e.g. for different implant designs and patient specific factors, the 
validated WearPy software is available upon request at 
https://www.empa.ch/web/s304/wearpy .
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Abstract
Analysis of polyethylene wear in knee implants is crucial for un derstanding the 
factors leading to revision in total knee arthroplasty. Importantly, current 
experimental and computational methods for predicting insert wear can only  be 
validated against true in vivo measurements from retrievals. 

This study quantitatively investigated in vivo polyethylene wear rates in fixed-
bearing (n=21) and rotating-platform (n=53) implant retrievals. 3D surface 
geometry of the retrievals was measured using a structured light scanner. Then, 
a reference surface that included the deformation, but not the wear that the 
retrievals had experienced in vivo, was constructed using a fully automatic 
surface reconstruction algorithm. Finally, wear volume was calculated from the  
deviation between the worn and reconstructed surfaces. The measurement an d 
analysis techniques were validated and the algorithm was found to produce 
errors of only 0.2% relative to the component volumes. In addition to 
quantifying cohort-level wear rates, the effect of mechanical axis limb 
alignment on mediolateral wear distribution was examined for a subset of the  
retrievals (n=14+26).

Our results show that fixed-bearing implants produce significantly ( p=0.04) 
higher wear rates (24.6±10.1 mm3/year) than rotating-platform implants 
(15.3±8.0 mm3/year). This effect was larger than that of limb alignment, which 
had a smaller and non-significant influence on overall wear rates (+4.5±11.6 
mm 3/year, p=0.43). However, increased varus alignment was associated 
significantly with greater medial compartment wear in both the fixed-bearing  
and rotating-platform designs (+1.7±1.3 %/° and +1.8±1.6 %/°). Our findings 
emphasize the importance of implant design and limb alignment on wear 
outcomes, providing reference data for improving implant performance and 
longevity. 
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Introduction
Investigating polyethylene (PE) wear in knee implants is critical for our 
understanding of factors necessitating revision knee arthroplasty, as wear is 
known to play a key role in complications such as aseptic loosening and 
osteolysis [12,13]. Wear analysis is also necessary for assessing the impact of 
variables such as implant design, limb alignment, and component 
malpositioning on long-term implant survival. However, laboratory tests ofte n 
fail to accurately reproduce the depth [210] and broad extent of wear scars 
[66,172,210,211], as well as the diversity of damage modes [172,212,213] observed 
in vivo. While computational models can offer predictive insights for data from 
large patient cohorts, provided realistic input loads and kinematics are even 
available, such models critically require extensive validation from experiment al 
[214] or retrieval [65] studies to be credible. Therefore, whether the objective is 
to investigate in vivo wear directly or to validate experiments and models, the 
need for real-world data from retrievals is unavoidable.

Retrieval-based wear quantification offers a realistic and credible approac h to 
investigate wear-related failures. Here, the main quantity of interest is the 
volume (in mm³) of particles removed from the PE inlays due to its correlation 
with osteolysis [138]. Volume, however, is a challenging quantity to measure in 
practice. Historically, retrieval damage has often been evaluated qualitatively 
using e.g. Hood scores [61], a manual grading system that lacks the capacity to 
directly convert to wear volume. More quantitatively, minimum inlay thickness 
has been measured using calipers [64], coordinate measuring machines [63], or 
µCT [53], and has been taken as a surrogate measure of wear and creep damage. 
However, the location of minimum thickness does not necessarily coincide with 
the location of maximum wear damage [63]. Even if it did, wear depth itself is 
only a moderate predictor of wear volume [215]since factors such as creep [192]
and manufacturing tolerances [216] can influence such measurements. 
Similarly, quantification of the worn surface area obtained from e.g. image 
analysis, likewise does not correlate with wear volume [63]. Unfortunately, the 
simple approach of quantifying wear volume through gravimetric 
measurements [217] is also impossible for retrievals, as the pre-implantation 
weight of each specimen is generally unknown and manufacturing toleran ces 
would introduce prohibitively large errors in any comparison to different 
unworn specimens [216] or the nominal CAD geometry [218].

Surface reconstruction emerges as a promising technique to quantify knee 
implant wear volumes. Here, the 3D geometry of the worn retrieval surface is 
measured, typically using optical or µCT systems. The original unworn surface  
is then reconstructed by manually or automatically fitting either a polyn omial 
or spline surface [55,219�ò221] or a design-congruent surface [63,65,222] to the 
�0�)�2�*�-�)�� �-� �"�$�*�)�.�� �*�!�� �/�#� �� �-� �/�-�$� �1���'�.�è�� �.�0�-�!����� �Ú�� ���$�)���'�'�4�Û�� �2� ���-�� �$�.�� �����'���0�'���/� ���� ���.�� �/�#� ��
volume difference between the worn and reconstructed unworn surfaces. Thus, 
manufacturing tolerances and plastic deformation are elegantly excluded from 
the calculation of wear damage. 

Using these surface reconstruction techniques, a number of clinically re levant 
questions on what parameters play a role on in vivo wear outcomes can be 
investigated. For instance, the impact of limb alignment on wear has been 
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evaluated, with varus alignment >3° being associated with increased medial 
wear [50,53]. Moreover, a dependence on implant component orientation h as 
been found [55]. Surprisingly, it has also been observed that despite their much 
greater backside sliding, rotating platform implants with a polished tibial tray  
produce less wear in vivo than fixed-bearing implants with very little backside 
motion, but a rough tray [44,48]. Currently, however, there is a critical lac k of 
studies quantifying the relative importance of such factors driving wear vol ume 
outcomes in individuals.

The aim of our study was therefore to provide a quantitative evaluation of in vivo
wear between two implant designs combined with a range of mechanical axis  
limb alignments to allow a comparison of the relative importance of these tw o 
parameters. Specifically, this was the first study performing surface 
reconstruction on both fixed-bearing (FB) and rotating platform (RP) retrievals, 
calculating population-level wear rates and furthermore investigating the 
relationship between mediolateral wear distribution and coronal plane limb  
alignment. 

Methods
In this study, we obtained FB and RP retrievals from two sources, measured 3D 
surface geometry using a structured light scanner, and calculated wear using a 
verified surface reconstruction technique. 

Retrieval cohort
Institutional approval for this retrospective observational study was obtained 
from the ETH Zurich Ethics Commission.

Twenty-one revision-retrieved cruciate sacrificing FB Innex FIXUC (Zimmer  
Biomet, Zug, Switzerland) and 53 cruciate sacrificing mobile-bearing RP Innex 
UCOR (Zimmer Biomet) tibial inserts with a previous in situ �/�$�(� ���Ë���§���4� ���-���2� �-� ��
obtained from a clinic (Schulthess Clinic, Zurich, Switzerland) and from the 
manufacturer (Zimmer Biomet). Both implant designs are ultra-congruent total 
knee replacements consisting of a polished cobalt-chromium femoral 
component, an ultra-high-molecular-weight-polyethylene (UHMWPE) ti bial 
insert, and a sand-blasted (FB) or polished (RP) cobalt-chromium tibial tray. 

Additional data collected included the specific size and side (R/L) o f the implant 
components, patient age at revision, time in situ of the insert prior to revision, 
hip-knee-ankle angle based on pre-revision coronal plane radiograp hs, and 
reasons for revision (Table 5.1). However, not all these data were available for  
all retrievals. The average patient age at revision was 68 years (range 50�ò91), with 
inserts retrieved an average 3.1 (range 1.0�ò9.4) years after primary implantation, 
mainly due to aseptic loosening (47%), pain (24%), instability (22%), hot pat ella 
(12%) [223], or infection (9%).
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Table 5.1. Summary of patient demographics and retrieval cases. Limb alignment was deemed 
neutral if it was between -3° and 3°. Some specimens had multiple reasons for revision listed, 
which is why the percentages do not add up to 100% and why no percentage is given for 
�é���/�#� �-�.�ê�Ú

Fixed bearing 
(Innex FIXUC)

Rotating platform 
(Innex UCOR)

Number of retrievals 21 53

Mean age at revision(range) 74 (61�Œ91) 66 (50�Œ79)

Mean years in situ (range) 3.2 (1.3�Œ7.2) 3.1 (1.0�Œ9.4)

SideL : R (: unknown) 13 : 7 (: 1) 16 : 34 (: 3)

SexM : F (: unknown) 5 : 15 (: 1) 14 : 38 (: 1)

Alignment varus : neutral : valgus (: unknown)6 : 8 : 0 (: 7) 3 : 16 : 7 (: 27)

Revision reasons

   Aseptic loosening 10 (48%) 25 (47%)

   Pain 4 (19%) 14 (26%)

   Instability 3 (14%) 13 (25%)

   Hot Patella 3 (14%) 6 (11%)

   Infection 1 (5%) 6 (11%)

   Extensor Mechanism Deficiency 1 (5%) 3 (6%)

   Periprosthetic fracture 3 (14%) 0

   Others 7 15

3D scanning
3D surface geometries of the retrievals were obtained using a structured light 3D 
scanner (Pro S3, HP Inc., Palo Alto, USA) with a resolution of approximately 
50µm. The device projects black-and-white light patterns onto the measure d 
object while a camera arranged at a ~25° angle to the projector then records the 
patterns, which appear distorted based on the object's geometry (Figure 5.1). 
From this, the 3D-shape of the object's surface is reconstructed. Because 
reflections occurring on the glossy surface of the UHMWPE retrievals would 
interfere with this process, prior to scanning, each retrieval was affixed to a 
custom-made specimen holder and coated with a matte chalk spray (Laser
Scanning Entspiegelungsspray, Helling GmbH, Heidgraben, Germany) to 
eliminate reflections. This chalk spray was found to produce a coating  with a 
thickness of 13±7 µm (mean±SD) [224].

The scanning process involved rotating the retrieval on an automatic turntable 
and acquiring 36 scans, each at 10° intervals. An additional 36 scans were 
acquired after rotating the retrieval by 90° to capture all its sides. These 72 scans 
were then merged using the manufacturer's software to obtain a complete 3D-
scan of the retrieval surface.
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Figure 5.1. 3D scanning setup and components

Surface reconstruction
Geometry and dimensions of retrieved inserts are affected by manufacturing 
tolerances [44,216,218], plastic deformation [192,217], and the applied coating 
[224,225]. To reliably measure wear despite these sources of error, we here 
employ a surface reconstruction technique where the unworn retrieval 
geometry was reconstructed from a design-congruent surface [221]. As 
obtaining unworn specimens for each insert design, size, and thickness in the  
cohort was not possible, we here used the nominal CAD geometry in the specif ic 
size of each insert as the reference geometry and surface, which were registered 
to unworn insert regions. The fully automatic surface reconstruction  algorithm 
(Figure 5.2) was implemented in Python 3.7 using the Open3D library [226].

Figure 5.2. Surface reconstruction algorithm to obtain topside wear from 3D scans of kne e 
implant retrievals.
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In the first step of our algorithm, the whole scan of the retrieval was randomly 
positioned in space, coarsely aligned to the reference using a fast global 
registration algorithm, and finely aligned using an iterative-closest-point 
algorithm.

To further improve alignment and to account for manufacturing tolerances, 
coating thickness, and global deformations experienced in situ that affect ed the 
whole specimen, the reference geometry was registered to the scan using an 
affine transformation where the reference was scaled and skewed individ ually 
along each of the anterior-posterior (AP), medio-lateral (ML), and superior-
inferior (SI) axes, minimizing its deviation from the retrieval scan.

Then, the medial and lateral condylar articulating surfaces were extracted f rom 
the deformed reference and from the scan. Lastly, the reference's condy lar 
surfaces were fitted to a 1mm thick strip around the outer boundary of the scan 
condyles, assuming there would be little to no wear at the outer rim of  the 
retrievals. With the condylar surfaces thus reconstructed on the scan, the 
difference in superior-inferior direction between the scan and reconstruc ted 
surfaces was calculated at each point on the surface, with negative deviations 
indicating wear.

Due to imperfect alignment and local deformation of the retrievals, positive 
deviations, i.e. the scan laying outside of the reference surface, could occur at 
unspecified locations. In reality, material could not have actually been added to 
the retrievals, but this would result in reduced wear results. Similar to a previous 
study, we minimized the associated error by setting any positive deviation to 
zero [44]. Finally, total topside wear volume was calculated by integrating over 
the negative surface deviations on each condyle and summing the medial and 
lateral contributions.

It should be noted that quantification of wear on the backside of the retrie vals 
was not possible using the approaches proposed. As the whole backside is in 
contact, it potentially experiences wear everywhere on its flat surface, a nd, as 
such, does not offer an unworn region that could be utilized for su rface 
reconstruction. Therefore, this study presents a comparison of topside insert 
wear only.

Validation

3D scanning
The 3D optical scanner employed in this study was slightly less accurate than 
modern µCT scanners. Studies using similar laser-scanning techniques have 
demonstrated that optically-derived surfaces vary from and produce larger 
volumes than objects measured using µCT [225]. Thus, to validate our 
measurement setup, we performed µCT measurements (EasyTom XL, RX 
Solutions, Chavanod, France) on three of the FB retrievals and compared them 
to the corresponding 3D scans to quantify surface variations. Specific ally, for 
each of the three chosen retrievals, the 3D scan was registered to the µCT scan 
using an iterative closest point algorithm and the local mesh- to-mesh distance 
was calculated at each point of the mesh using the open source software 
CloudCompare V2.12.
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Surface reconstruction algorithm
To verify the surface reconstruction algorithm, we applied it to virtual retrieva ls. 
A virtual retrieval here denotes a scan of an unworn insert of know n volume, 
that we then deformed and/or applied virtual surface indentations to, using 3D 
modelling software, in order to mimic the damage patterns commonly observed 
in retrievals. Since the volume before and after applying wear damage was 
known, the virtual retrievals provided a baseline amount of wear against whic h 
we could compare the results of our algorithm. Eight virtual retrievals based  on 
two scans of unworn FB inserts (#1 and #2) were generated (Table 5.2) and the 
root-mean-square-error (RMSE) of the surface reconstruction relative to th e 
baseline was evaluated.

Table 5.2. Virtual retrievals that were created based on scans of unworn inserts to verify the 
surface reconstruction algorithm.

# Type of deformation Type of damage (max. depth)

1a None None

1b None Wear (-0.34 mm)

1c None Wear (-0.14 mm)

2a None None

2b None Wear (-0.14 mm)

2c None Wear (-0.36 mm)

2d Scale +1% AP and -1% ML None

2e Scale +1% AP and -1% ML Wear (-0.48 mm)

Statistical analysis
Statistical analyses of the effects of implant design and limb alignment on wear 
volumes were conducted in R [227]. 

As limb alignment information was available only for 14 (67%) FB and 26 (49%) 
RP retrievals, we initially left this parameter out of the analysis and investigated 
only the effect of design on cohort-level wear rates. Specifically, a multiple 
linear regression model was fitted to the entire dataset for 74  retrievals, with 
interaction terms included to account for potential differences in the effect of 
the time in situ on the wear volume between the two groups. The model was 
defined as: 

�R�ê�Ø�Ô�å���1���Ú�4 
E �Ú�5�P�ì�Ø�Ô�å�æ
E �Ú�6�P�ì�Ø�Ô�å�æ�&�Ú�å�â�è�ã

where �R�ê�Ø�Ô�årepresented the total wear volume in mm³, �P�ì�Ø�Ô�å�æ, the independent 
variable, represented the years in situ, and �&�Ú�å�â�è�ãrepresented the design group 
of each observation. The intercept term �Ú�4 represented any positive error 
introduced in the surface reconstruction algorithm by considering only n egative 
surface deviations. The slope of the regression line �Ú�5 represented the wear rate 
of one design in mm³/year, as in previous works [221,222], while �Ú�6represented 
the additional wear rate of the other design. The same model was fitted to the 
sub-cohort of 40 retrievals to check whether there would be significant 
differences in wear rates due to a reduction in cohort size.



5. Influence of Implant Design and Limb Alignment on in vivoWear of Knee Implant Retrievals

81

Finally, the combined influence of limb alignment and implant design w as 
investigated through an extension of the initial model, defined as:

�R�ê�Ø�Ô�å���1���Ú�4 
E �Ú�5�P�ì�Ø�Ô�å�æ
E �Ú�6�P�ì�Ø�Ô�å�æ�&�Ú�å�â�è�ã
E �Ú�7�P�ì�Ø�Ô�å�æ�.�Ô�ß�Ü�Ú�á�à�Ø�á�ç

Here, �.�Ô�ß�Ü�Ú�á�à�Ø�á�çrepresented the limb alignment in categories valgus, neutral, or 
varus, while �Ú�7represented the difference in wear rates between neutral, varus, 
and valgus alignments.

Additionally, to investigate the impact of limb alignment on wear distribution 
on the insert, we defined the mediolateral wear ratio as the wear volu me on the 
medial condyle divided by the total wear volume across both condyles for each 
specimen [228]. Then, we once more performed a multiple linear regression on 
the data for the medial wear ratio �I �å�Ô�ç�Ü�âover the varus angle �R�Ô�á�Ú�ß�Ø(in °) for the 
sub-cohort with alignment data: 

�I �å�Ô�ç�Ü�â���1���Û�4 
E �Û�5�&�Ú�å�â�è�ã
E �Û�6�R�Ô�á�Ú�ß�Ø
E �Û�7�R�Ô�á�Ú�ß�Ø�&�Ú�å�â�è�ã

The terms �Û�4 and �Û�5�&�Ú�å�â�è�ãrepresent the wear distribution for a neutral (0°) 
alignment of each design, while �Û�6�R�Ô�á�Ú�ß�Øand �Û�7�R�Ô�á�Ú�ß�Ø�&�Ú�å�â�è�ãrepresent the 
change in wear distribution caused by a change in limb alignment.

For all models, significance was defined at a p-value of 0.05.

Results

Validation

3D scanning
The 3D-�.�����)�)� �����.�0�-�!����� �.���'���4���(�*�.�/�'�4���*�0�/�.�$��� ���*�!���/�#� ���n�������.�0�-�!����� �.���2�$�/�#�����)�����1� �-���"� ��
de�1�$���/�$�*�)���*�!���Â�ª�¦�Ì�ª�®���n�(���ù�(� ���)�Ì�����ú�����)�����«�/�#�ò95th percentile range of -37�ò�§�§�«���n�(��
(Figure 5.3). The volume of the 3D-scanned specimens was +398±138 mm³ 
(mean±SD) larger, which was equivalent to 1.7±0.6% (mean±SD) of the total 
insert volume.

Figure 5.3. Histogram (blue) of the mesh- to-mesh distances of all three checked specimens as 
�2� �'�'�� ���.�� �(� ���)�� �ù�n�ú�� ���)���� �.�/���)�����-�� ��� �1�$���/�$�*�)�� �ù�t�ú�� �*�!�� �/�#� �� ���.�.�*���$���/� ���� �)�*�-�(���'�� ���$�.�/�-�$���0�/�$�*�)�� �ù�*�-���)�"� �ú�Ú��
���*�.�$�/�$�1� ����� �1�$���/�$�*�)�.���$�)���$�����/� ���/�#� ���©�����.�����)���"� �*�(� �/�-�4���'�4�$�)�"���*�0�/�.�$��� ���/�#� ���n�������"� �*�(� �/�-�4�Ú
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Surface reconstruction algorithm
The surface reconstruction algorithm slightly overestimated the amount of wear on the 
virtual retrievals, even for the three cases where the virtual retrievals experienced 0 
mm3 actual wear damage (Figure 5.4). The range of errors across all virtual retrievals 
was 0�t35 mm3 and the RMSE was 23 mm3.

Figure 5.4. Wear volume calculated by the surface reconstruction algorithm plotted over  the 
ground truth wear volume for the eight virtual retrievals. Data points lying above the "Truth" 
line indicate an overestimation of wear by the algorithm. The annotations ("1a", "1b", etc.) 
correspond to those in Table 5.2. The overall root-mean-square-error was 23 mm3.

Retrievals

Global deformations
In an effort to reflect global deformation that the retrievals likely expe rienced in 
situ, the reference geometries were nonuniformly scaled during the surface 
registration procedure. Along the AP, ML, and SI axes, the mean deformations 
were small, ranging between -1.4 �ò1.2% across groups and directions (Figure 
5.5), with a few outliers skewing the distributions positively along the AP and  
negatively along the ML axes.

Figure 5.5. Boxplots of the deformation of the retrievals in the anterior-posterior (AP), med ial-
lateral (ML), and superior-inferior (SI) directions for the two implant designs relative to the 
reference CAD geometries. Black dots indicate outliers. 
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Wear maps
Based on the comparison of the retrieval and the reconstructed surfaces, wear 
damage was clearly visible from the generated surface deviation maps, 
especially for inserts with multiple years in situ. Based on a visual investigation 
of the individual and average surface deviation plots (Figure 5.6a), there seemed 
to be a trend for the FB retrievals of wear occurring anteriorly on the medial 
condyle and posteriorly on the lateral condyle, while no such trend could be 
observed on the RP retrievals. Furthermore, eight of the most deformed RP 
retrievals (all of them outliers with respect to deformation, Figure 5.5) showed  
surface deviation maps where no wear, but just an overall mismatch in sur face 
shape was apparent (Figure 5.6b).

The maximum wear depth on each specimen for the FB and RP groups had mean 
values of 0.33 mm (range: 0.21�ò0.58 mm) and 0.37 mm (range: 0.11�ò0.84 mm), 
respectively. No significant relationship between wear depth and wea r volume 
(see below) or implant design was observed.  

Figure 5.6. Surface deviation plots showing wear damage. a) The mean wear of the fixed-
bearing (FB) and rotating-platform (RP) retrievals after scaling each individual surface 
deviation map to that of a medium-sized insert. Only negative deviations are plotted in 
accordance with the employed surface reconstruction algorithm that sets positive deviations 
to zero (white) before calculating the wear (blue) volume. b) A strongly deformed RP 
specimen. Negative values (blue) are interpreted as wear while positive values (red) are 
interpreted as errors. 

Effect of implant design on wear rates
Based on the surface deviation maps, wear volumes and rates were calculated. 
In the full-cohort analysis without limb alignment effects, wear rates (±95% CI) 
were 24.6±10.1 mm3/year (p<0.001) for the FB design and a lower 15.3±8.0 
mm 3/year (p<0.001) for the RP design (Figure 5.7). While these values did meet 
our criterion for significance, both design groups showed considerable 
variability of the wear volumes, even after short durations in situ, which is 
reflected in the relatively large CIs, as well as in the R 2 values of 0.37 and 0.19, 
respectively. Still, the difference in wear rate between the FB and RP designs 
was significant (p=0.04).
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Figure 5.7. Topside wear volume as a function of time in situ for the fixed-bearing and rotating-
platform groups. The lines represent the linear regressions, while the shaded areas represent 
the 95% confidence intervals. Complete data for the full cohort are shown, i.e. the effect of 
mechanical axis limb alignment is not presented.

The intercept (±95% CI) at 0 years was 35.1±28.1 mm3, was significantly different 
from zero (p=0.02), and encompassed the range and RMSE of errors associated 
with the analysis technique as determined within the virtual retrievals validation 
(Figure 5.4).

Effect of limb alignment on wear rates and distribution
Fitting the same model to the sub-cohort for which limb alignment information 
was available yielded largely overlapping CIs and no significant differen ces in 
total wear rates. 

After the effect of limb alignment was added to the regression model, the wear 
rates for the FB and RP sub-cohorts with limb alignment were 11% (27.3±12.6 
mm 3/year) and 15% (22.4±10.0 mm3/year) higher than for the full cohorts, but 
these differences were not significant. Compared to neutral alignment, there 
was no significant effect of varus alignment (+4.5±11.6 mm 3/year, p=0.43) or 
valgus alignment (-7.4±13.9 mm3/year, p=0.28) on total wear rates.

Generally, 27�ò84% of overall wear occurred on the medial condyle for the FB 
subjects for the sub-cohort with alignment data, while 11 �ò84% was observed for 
the RP subjects. For straight limb alignment of 0° (i.e. at the intercept), the 
proportion of medial condyle wear (±95% CI) predicted by the regression mode l 
was 42.0±9.6% (p<0.001) for the FB and 44.4±6.2% (p<0.001) for the RP design 
(Figure 5.8). The relative amount of medial wear increased with increasing var us 
angle for both the FB design (at a rate of 1.7±1.3 %/°, p=0.01) and the for RP 
design (1.8±1.6 %/°, p=0.03). Comparison between the two design groups yielded 
no significant differences for the distribution at neutral alignment, i.e.  the 
intercept (p=0.67), and for the effect of increased varus, i.e. the slopes (p=0.87).
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Figure 5.8. Ratio of medial condyle wear to overall wear as a function of limb alignment (varu s) 
angle for the fixed-bearing and rotating-platform groups. The lines represent the linear 
regressions, while the shaded areas represent the 95% confidence intervals.

Discussion
In this study, we aimed to accurately quantify in vivo wear rates for fixed-bearing 
and rotating-platform knee implants to investigate the relative importanc e of 
implant design and mechanical axis limb alignment on clinical wear outcomes. 
We found that the effect of implant design on the overall wear  rate was 
significant and larger than the non-significant effect of limb align ment. 
Specifically, RP designs experienced 39% lower wear rates in vivo than FB 
designs, hence offering increased implant longevity, especially benefitti ng 
young active patients [16]. This effect was larger than that observed for limb 
alignment, which had no significant effect on overall wear rates, even though 
alignment was shown to affect the mediolateral distribution of wear that did 
occur. A balanced wear distribution was demonstrated at neutral to slight varus 
limb alignment, which is consistent with current surgical practice for p rimary 
implantation where surgeons generally target a 0 �ò3° varus alignment at the 
knee.

To arrive at these conclusions, we employed 3D scanning and surface 
reconstruction techniques to quantify cohort-level wear rates in 74 retrievals
(mean 3.1 years in situ). The accuracy and precision of the 3D scanner used here 
�ù�Â�ª�¦�Ì�ª�®���n�(�Û���(� ���)�Ì�����ú�� �2� �-� �� ���*�(�+���-�����'� �� �/�*�� �/�#���/�� �*�!�� ���� �.�$�(�$�'���-�� �.�/�0���4���0�.�$�)�"�� �'���.� �-��
�.�����)�)�$�)�"�� �ù�Â�­�§�Ì�©�¬���n�(�Û��[225]), which also necessitates the application of a matt 
coating to the retrievals. Our machine produced 1.7±0.6% (mean±SD) larger 
insert volumes than t �#� �� �����.� �'�$�)� �� �n������ �(� ���.�0�-� �(� �)�/�.�Û�� �+�'���0�.�$���'�4�� ���0� �� �/�*�� �/�#� ��
additional coating, which is consistent with the literature [225]. However, any 
uniform thickening of the retrieval surface would have been compensa ted in our 
algorithm by the affine transform introduced here, which allowed scaling in all 
directions. In fact, the RMSE of the surface registration algorithm of only 23 
mm 3, or 0.1% of the specimen volume, was considerably smaller than both the 
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specimen volume error after 3D scanning of 1.7% and the maximum obser ved 
wear volume of 328 mm3. These findings lend initial credibility to the ���'�"�*�-�$�/�#�(�è�.��
wear outputs.

The most appropriate comparisons for our results are other studies that used 
surface reconstruction techniques. For the FB implant, we found a w ear rate of 
25±10 mm3/year (±95% CI), which was not significantly different from previously 
published FB implant wear rates obtained from surface reconstructio n of 12±5 
mm 3/year [55], 13±6 mm³/year [63], 16±8 mm3/year [65], and 17±23 mm³/year 
[229]. Little wear data has been published specifically for the Innex implants, for 
which a wealth of loading and kinematic data is publicly available [95]. In a 
previous wear model validation study [214] against in vitro simulator 
experiments performed on the Innex FB implant using standardized level 
walking input conditions [190], we found a wear rate of 4.8 mm 3/year (assuming 
1.1 million cycles/year [230]), which is approximately five times smaller than the 
in situ data reported here. The higher wear rates observed in vivo clearly 
demonstrate the more varied and aggressive modes of damage in situ, including 
wear but also PE aging and pitting, which are challenging to predict 
computationally or experimentally, but should be addressed in future 
investigations. Our observed large inter-subject variations in wear outcomes 
produced R2 values of 0.19 and 0.37 of the linear fits to the wear volume over 
time, which is not unusual compared to previous retrieval studies reporting R 2

values in the range of 0.19�ò0.41 [55,63,65,222,229]. 

We are not aware of other studies that applied surface reconstruction methods  
to RP retrievals. In our study we found an estimated wear rate of 15.3±8.0 (±95% 
CI) for the RP inserts, which was significantly lower (39%) than for the FB  
design. These results are in line with previous retrieval [44] and experimental 
[48] studies that found lower total, and even backside, wear rates for RP than FB 
implants. These studies, like ours, compared RP implants with polished tibial 
trays to FB implants with rough tibial trays, which likely increases wear 
[45,231,232]. We did not include backside wear in our study, but still observed 
significant differences between the designs, possibly indicating more severe 
topside conditions in FB implants. Moreover, qualitative differences were fo und 
for wear scar location, with the FB implants showing different anteroposterior 
locations on the two condyles, while the RP implants showed no discerni ble 
differences in wear location between the condyles. These differences can be  
explained by the RP design, where the rotational freedom of the insert mediate s 
alignment to the femoral component, hence reducing stress and wear on the PE  
insert [233], even though this mechanism also potentially leads to a higher risk 
of instability (11% more in Table 5.1) and spin-out [234].

A limb alignment with >3° varus was only weakly (p=0.43) associated with 
increased wear compared to neutral and valgus alignment. However, the 
proportion of medial condyle wear significantly increased with increasi ng 
varus. This is likely due to the increased medial loading with increasing var us, 
as observed in previous computational [193,235] and experimental [236]studies. 
It also matches previous retrieval studies, where varus alignment was found to 
be correlated with medially and overall increased stress, wear, and damage 
[49,50,53,228]. 
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Limitations
The biggest limitation of this study was that backside wear could not be 
analyzed, meaning we could not quantify wear on the whole retrievals. A se cond 
limitation is that retrievals from revision surgery represent failed specimens,  
which may introduce some bias compared to successful cases where no revision 
surgery is necessary and the wear generally can only be quantified 
posthumously. However, a previous study found overall similar wear 
characteristics for revision vs. posthumous retrievals [67]. Thirdly, we included 
only time in situ and mechanical axis limb alignment in our statistical models, 
which resulted in some of the inter-patient variability remaining unexplai ned, 
particularly as this data was not available for all patients. Other factors that 
could increase wear in some patients, but for which we did not have d ata, would 
be e.g. level of patient activity [56,57], implant alignment parameters such as 
tibial rotation and posterior slope [54,55,237], or occasional lift-off during u se 
[238,239].

Conclusion
This study adds to the small but important body of literature on volumetric wear  
rates of knee implants in vivo and further identifies fixed-bearing implant design 
as a factor increasing volumetric wear rates. Limb alignment had only a weak 
and non-significant effect on overall wear rates, but did affect the  distribution 
of wear between the medial and lateral condyles. Further studies taking into 
account patient characteristics such as level of activity and other implant mode ls 
are needed before a complete understanding of the variability in patient 
outcomes can be gained.
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Epilogue
This dissertation was driven by significant gaps in the understanding and 
prediction of wear behaviour in knee joint implants, notably in determin ing 
accurate input boundary conditions for wear simulation, making validated 
models of the complex nonlinear wear behaviour of polyethylene (PE) available  
to the research community, and accurately quantifying wear volume in 
retrieved knee implants. Against this backdrop, our study sought to advance the 
understanding of the wear behaviour of PE in knee joint implants and how  it is 
affected by tribological and biomechanical parameters. 

In the previous five chapters, we pursued distinct yet interconnecte d paths to 
shed light on these areas. Through tribological tests the magnitude and 
mechanisms of the effects of cross-shear and contact pressure on wear were 
explored [204, Chapter 2], while processing of the CAMS-Knee tibiofemoral 
kinematics and kinetics [95] yielded joint biomechanical data of the 
standardized subject �éStan�ê[190, Chapter 1]. To accurately reproduce joint loads 
���)���� �&�$�)� �(���/�$���.�� �.�0���#�� ���.�� ���/���)�è�.�Û�� �2� �� ��� �1� �'�*�+� ���� ���� �)�*�1� �'�� �/� ���#�)�$�,�0� �� �/�*�� �(�*��� �'��
boundary conditions [240, Chapter 3]. These preceding works culminated  in the 
development and validation of a finite element wear prediction algorithm 
�û�é��� ���-���4�ê�Û���¨�§�ª�Û�����#���+�/� �-���ª�ü, which can be used in the future to predict not only 
in vitro , but also in vivo wear, which we here measured on retrievals [241, 
Chapter 5].

This epilogue aims to critically assess our work, how its findings are 
interconnected, its limitations, and its potential to shape future studie s in this 
field.

Main Contributions of this Thesis
Within this body of work, several contributions to the field of implant wear 
modelling were made in the form of new findings as well as through published
and shared tools and data. Specifically, the main contributions of this thesis are  
as follows:

Firstly, the publicly available Stan loads and kinematics [190, Chapter 1] have  a 
wide array of uses, including, but not limited to, in vitro wear testing. The key 
contribution lies in the representative knee joint kinematics, which we  provide
for level walking, the most common activity of daily living [230], as well as four 
other activities. Previous comparable datasets contained only loads, but not  
kinematics [115], or fewer activities and no synchronously measured loads [72]. 
The standardized loads and kinematics provide a single waveform for all the 
degrees of freedom prescribed in the ISO 14243 standards [69,70] and may thus 
be simply substituted in their place in existing setups. Thus, Stan's dat a, which 
is publicly available, can be used to improve the realism of laboratory wea r 
simulations and to benchmark the performance of various implant designs.

Secondly, we have made progress in the realm of in silico implant wear 
modelling and prediction. The empirical wear model is one of the very f ew 
published that account for the effects of variations of both sliding direction and 
contact pressure, providing further evidence for the importance of both e ffects 
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backed up by micro-mechanical investigations into their origin [204, Chapter 2]. 
���#�$�.���2� ���-���(�*��� �'���2���.�����$�-� ���/�'�4���$�)�/� �"�-���/� �����$�)�/�*���/�#� ���é��� ���-���4�ê�����'�"�*�-�$�/�#�(�Ú��

WearPy is capable of predicting long term wear and plastic deformation of 
arbitrarily shaped and loaded implants and was validated to reproduce 
laboratory wear tests [214, Chapter 4]. Arguably, by itself, WearPy embodies 
only small improvements over previously developed implant wear simulations 
[39,84,86,88,89,91] e.g. by being able to handle finite element meshes of any type 
and modelling plastic deformations everywhere on the worn component.  
However, WearPy is the first implant wear simulation tool that has been made 
available to other researchers 8, thus significantly reducing the barrier to entry 
and, as is our hope, enabling more such studies in the future. Furthermore, 
WearPy stands as one of the first published applications of standardized 
verification and validation techniques [78, Supplementary material S2] in this 
domain. All this positions WearPy as a key resource for future research a nd 
development efforts in joint implant wear prediction.

When applying WearPy to replicate laboratory knee simulator test, we observed  
the wear predictions to be extremely sensitive to errors in the joint co ntact 
kinematics and locations [214, Chapter 4]. These errors were attributed 
primarily to the load-control scheme, where reduced modelling of the 
mechanical environment and geometrical tolerances present in vitro led to 
different kinematics in silico. This limitation of conventional control methods 
was confirmed for in vivo joint mechanics data in Chapter 3. There, we also 
demonstrated that accurate reproduction of the complete joint mechani cs in 
silico can be achieved by a novel load- and displacement-control approach [240],
which adds a valuable method to bridge the gap between in silico and in vitro or 
in vivo analyses to the wear prediction toolbox.

Thirdly and finally, our retrieval analyses [241, Chapter 5] provided additional 
data that broadens our understanding of in vivo wear behaviour . In this study , 
we set out to investigate the relative importance of implant design and limb 
alignment on wear volumes. We found more evidence of the effect of impla nt 
design, with a lower wear rate for rotating-platform than fixed-bearing desig ns, 
than of an effect of limb alignment on overall wear rates, although limb 
alignment did influence the mediolateral distribution of wear damage.
However, much of the variability in patient wear outcomes remained 
unexplained, indicating that more effects need to be accounted for and 
underscoring the need for further investigation into determinants of in vivo
wear.

This body of work thus presents incremental improvements across several
approaches to understand and predict in vivo implant wear. It is our hope that 
the tools and data we developed will find adoption and use in the co mmunity, 
improve the validity and credibility of wear modelling, and thus eventually l ead 
to improved wear outcomes in patients.

8 https://www.empa.ch/web/s304/wearpy
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General Considerations and Limitations
Simulating PE wear of joint implants is a complex undertaking, especially w hen 
in vivo rather than in vitro wear is studied. The accuracy of a computational 
�(�*��� �'�è�.���*�0�/�+�0�/���$�., at best, as reliable as its input, and even slight errors can lead 
to substantial discrepancies in predicted outcomes . Yet, researchers commonly 
have to model the complex mechanical interactions and environment of the 
implant in situ while simultaneously having little access to input data actually 
measured in vivo. This severely limits the credibility of wear modelling and often 
prohibits its adoption in industry or clinical settings where the risk of negativ e 
patient outcomes is high. To eventually achieve credible computational model 
predictions of in vivo implant wear , high-quality input data, validated models,
and a thorough understanding of both in vivo material behaviour as well as joint 
mechanics are critically needed.

Modelling Polyethylene Wear
The input tribological model of PE wear presents one set of challenges. For one,  
it can only be obtained in a laboratory setting, which does not fully replicate the 
tribological conditions in vivo. Moreover, f ew, if any, studies offer adequate data 
to account for all the nonlinear damage behaviour of PE, and the results 
obtained from pin- on-disc tests have shown considerable variability. 

Of the multitude of material parameters affecting PE, we have here focused on  
cross-shear, i.e. multidirectional sliding, and contact pressure. Other 
parameters such as the material formulation and lubricant were kept constant
while others, such as dynamic loading, were not investigated. While there is a 
consensus in the literature about the wear-increasing effect of c ross-shear [20], 
the role of contact pressure has been more controversial. In pin- on-disk testing, 
where the contact conditions can be independently controlled better than  when 
testing whole implants, wear does not increase proportionally and line arly with 
increasing contact pressure as would be predicted by the classical Archard 
model. In fact, given the same area and an increasing load and pressure, some 
researchers have found wear to still increase, but only slightly [30,3 8], some 
assumed the wear to be independent of contact pressure [91], while others have
even reported decreased wear volumes under increased contact pressures 
[39,40]. Our study falls in the first camp, showing a slight but not propor tional 
increase in wear with increasing contact pressures [204, Chapter 2]. We 
attributed this reduction in wear at high contact pressures compared to the 
classical Archard model to formation of hardened protrusions on the PE surface . 

While informative by itself, one potential pitfall of applying the data from this 
or similar studies to computational models of whole implants is that the contact 
conditions in vivo are not constant pure sliding as in pin- on-disk testing. Rather,
the PE inlays of knee or other implants experience both sliding and rolling 
contact in varying contact locations. Compared to pin- on-disk testing, this leads 
to more dynamic loading and lubricant replenishment at the contact interface , 
which could lead to discrepancies in wear mechanisms and rates [242�ò244].
Moreover, additional damage modes such as third-body-wear [60] are often 
present in vivo, but have not yet been computationally modelled.
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Major improvements to pin- on-disk testing protocols, devices [243] or empirical 
wear models [148] beyond the current standard were outside the scope of this 
thesis. Even so, predictions of implant wear by the multi-parameter PE wear 
model developed in Chapter 2 showed good agreement with laboratory implant 
wear tests in Chapter 4. However, when employing these PE wear models for 
predicting in vivo implant wear, it's crucial to recognize their limitations as 
previously outlined. 

Modelling in vivo Joint Biomechanics
Besides a valid tribological wear model, loads and kinematics accurately 
representing the in vivo joint mechanics during common activities of daily living 
are also necessary to perform meaningful laboratory tests and to predict in vivo
implant wear. However, the availability of in vivo joint level data that could be 
used for in vitro and in silico wear simulation is severely limited.

While the CAMS-Knee [95] and Grand Challenge [99] datasets provide such data
as measured in vivo in a number of subjects, they have found little application 
in experimental testing due to the substantial amount of individual motion 
cycles contained therein which cannot all be applied in vitro . To make the CAMS-
Knee data more easily useable, we provided the loads and kinematics of the 
�.�$�)�"�'� �� �.�/���)�����-���$�5� ���� �.�0���%� ���/�� �é���/���)�ê�� �$�)��Chapter 1. Stan, similar to earlier work 
[115], could be considered a more relevant and valid input to knee implant wear 
simulation than the ISO standards because the underlying data was obtained in 
vivo at the joint level. Comparing Stan to the ISO 14243 standards, differences in 
both level walking load and kinematics waveforms were observed and shown  to 
result in higher wear rates for Stan in Chapter 4. However, the higher w ear rates 
of the Stan compared to the ISO boundary conditions will need to be conf irmed 
for other implant designs before it can credibly be claimed that the former are 
generally more severe than the latter, given the known sensitivity of in silico and 
in vitro wear simulations to changes in joint contact mechanics. While Stan may 
eventually prove an alternative to ISO standards, more testing will have to be 
carried out beforehand.

��� ���!�*�-� �.� � �����/���)�è�.�������/��to be applied primarily in laboratory testing, where only 
one or few conditions can be applied to a device due to time and cost constraints.
In studies where it is feasible to investigate the research question using loading 
conditions of multiple distinct patients, which is often the case for in silico
studies, we recommend doing so instead. Especially when comparisons between 
material, mechanical, or clinical parameters are made, any observed 
differences in wear will have higher credibility and a lower risk of be ing a false 
positive when the simulation´s sensitivity to and uncertainty of inputs has been 
accounted for. This can be achieved using publicly available data for multi ple 
patients [95,99,245] or by at least introducing realistic variability to standardiz ed 
kinematics boundary conditions such as Stan or ISO 14243 [75,246].

For computational studies where joint kinematics are applied to the model of 
the knee, the Load- and Displacement-Controlled method with Springs (LDCS, 
Chapter 3) can address practical challenges associated with errors in the 
kinematics input data or convergence problems and thus yield more realistic 
joint contact loads than the traditional approach of strictly enforcing the ap plied 
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motions. While the LDCS method may seem niche, it can be employed to apply 
data measured in vivo as well as obtained from in vitro and in silico models of the
knee and other joints. In fact, the LDCS method would be well s uited for studies 
where variability in input loads and kinematics is systematically varied, bec ause 
it somewhat reduces the otherwise unrealistic sensitivity of models of the 
implanted joint to small variations in the input kinematics.

Modelling in vivo Implant Wear
In this thesis, we have demonstrated validity of a n in silico knee implant wear 
model, which was able to replicate a laboratory wear test provided the joint 
contact kinematics were an exact match. However, because of model 
sensitivities to factors such as errors in input kinematics or the exact fo rmula of 
the tribological wear model (which is not consistent between studies as outli ned 
previously), such models critically require experimental validation to be
considered robust and reliable. Additional validation is especially paramount 
when studying material formulations or implant designs for which such a model
has not yet been validated.

The aspiration to predict actual in vivo wear has rarely been fulfilled [65], partly
due to significant hurdles associated with gathering all the necessary input and 
validation data. Variability clearly exists between subjects and activities 
[112,190], and these variations must be incorporated in models to ensure a 
complete understanding of an implants' in situ loading and wear damage 
[59,198]. Thus, in vivo wear modelling requires joint mechanical data of a 
specific patient or cohort, which is scarcely available outside a fe w datasets for 
specific implant designs [46,95,99,245]. Joint-level kinematics are especially
conducive to accurate wear predictions, but the need for fluorosc opy 
measurements presents a formidable obstacle as they are accessible only at 
some institutions. One potential solution lies in predicting joint-le vel kinematics 
and loads employing gait data alongside finite element [247] or musculoskeletal 
[248] modelling. However, such predictions are unavoidably imperfect, leading  
to further errors and uncertainties in the predicted wear outcomes.

In this thesis , attempts at modelling in vivo population wear or considering 
multiple activities of daily living have not yet been made. Nevertheless, the fac t 
that the same implant design, the Innex FIXUC (Zimmer Biomet, Switzerland) , 
was investigated across all studies presented in this thesis, warrants a discussion 
on the comparison of the results of chapters 4 and 5. In the computational and 
experimental simulation o �!�� ���/���)�è�.�� �'� �1� �'�� �2���'�&�$�)�"�� ���4���'� �Û�� �2� ar rates of 4.3
mm 3/million cycles and 3.5 �ò4.9 mm3/million cycles respectively were obtained.
Retrievals of the same implant design, however, exhibited a considerably higher 
wear rate of 22.4±9.2 mm 3/million cycles (±95% CI, assuming 1.1 million 
cycles/year [230,249]). This mismatch can be attributed to multiple causes. For 
one, some of the FB retrievals showed pitting damage, which is a damage mode 
that was included in the wear volumes of the retrievals, but not computatio nally 
modelled or observed experimentally. Moreover, only level walking w as 
investigated in the experimental study, while other activities of daily livi ng
would likely produce different amounts of wear [59,119]. Lastly, agei ng of the PE 
in vivo could have increased the wear rate of the retrievals [250]. When multiple 
activities, in vivo loads, and PE aging were accounted for, one experimental 
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study by Grupp and co-workers [117] found a wear rate of 12.4±10.7 mg/million 
cycles for another fixed-bearing implant design, which is not signi ficantly 
different from the retrieval wear rates found here or in other studies [ 55,63]. This 
exemplary study demonstrates the ability of experimental testing, and by 
extension eventually computational simulation, to produce physiologically 
realistic amounts of wear if and only if the underlying input data w as obtained 
under conditions that accurately represent those in vivo.

Despite the associated challenges and remaining gaps in knowledge, we believe 
that computational wear modelling has a place in industrial and clinical 
decision-making, for now provided the final decision incorporates some 
experimental testing as part of verification and validation activities.

Future Directions
This thesis introduced an array of modelling techniques and data that we ho pe 
will prove useful in future investigations. Notably, the Stan data, only uti lized to 
simulate level walking thus far, also encompasses four other activities (stair  
descent, downhill walking, squat, and sit- to-stand-to-sit) which are expected to 
yield varying levels of wear. We recommend future experimental rese arch using 
the Stan dataset to create and apply a composite load profile [114], reflecting the 
relative frequency of each activity in daily life [230], to further improve realism 
of experimental testing. Such a study could shed additional light on the question 
of whether in vivo loads and kinematics result in more severe wear damage 
compared to those specified in the ISO standards [209,214,251], particularly if it 
also incorporates additional implant designs apart from the Innex FIXUC 
investigated here.

Regarding computational wear simulation, the logical next step would be to  
simulate wear across an entire patient population. This would involve 
accounting for and quantifying the effects of various activities, as well as the 
inter- and intra-patient variability, on individual wear outcomes. The most 
straightforward method to accomplish this would be to utilize the entire CAMS-
Knee population as input to the finite element models introduced  and verified 
in Chapter 4. In an analysis of this kind, where fluoroscopy kinematics are used, 
it is also recommended to use Load- and Displacement Control method with 
Springs to apply the input boundary conditions to the model. The results of su ch 
a comprehensive cohort-level wear simulation could then be validated not just 
against laboratory test data encompassing all of Stan's activities as described 
above, but also against the retrieval wear outcomes presented in this thesis.
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Supplementary Materials

S1 Standardized Tibio-Femoral Implant Loads and 
Kinematics

Coordinate System Reference Position
As described in the paper, joint angles and translations were calculated as the 
tibial relative to the femoral coordinate system axes according to Grood and 
Suntay [122]. The kinematics are presented relative to the implant component 
reference position, defined by contact occurring at the deepest points of  the 
condyles and parallel tibial and femoral coordinate system axes, i.e. with n o 
relative rotation (Figure S.1 ).

Figure S.1. Anterior posterior and superior-inferior offset of the tibial relative to the femoral 
implant component based on the implant coordinate systems defined as the reference 
position. There is no rotational or medial-lateral offset.

After calculating the joint translations from the complete transformation 
matrices, the anterior-posterior and superior-inferior offset values (Figure S.1) 
were subtracted from the corresponding translations to yield the curves plotte d 
in the paper (Figure 1.3 to Figure 1.8).

CAMS-EXTREME100 Loads and Kinematics
The CAMS-HIGH100 and CAMS-PEAK100 loads take the variation of the resultant 
force into account and scale all other load components to its highest peak. Thus, 
no information about extreme values of the other load components is retained. 
As in Bergmann et al., extreme values of local minima and maxima of each 
component were extracted from the individual trials of each subject, scaled to a 
body weight of 100kg and termed CAMS-EXTREME100.

The CAMS-EXTREME100 values demonstrate the variation between, but also 
within subjects (Table S.1). For example, for level walking, the first re sultant 
force peak had a CAMS-EXTREME100 value 33% higher than the CAMS-HIGH100 
value. This value came from a single trial of subject K5R and was also 62% higher 
�/�#���)���/�#���/���.�0���%� ���/�è�.�����1� �-���"� ���!�$�-�.�/���+� ���&�Ú�����1� �-���'�'�Û���/�#� ���-� �.�0�'�/���)�/���!�*�-��� ���+� ���&�.���2� �-� ���«�·��
to 33% higher than the corresponding CAMS-HIGH100 values for all activities, 
with absolute differences of 505 N to 1398 N. The abduction-adduction angle 
differed by up to 3°, I-E rotation by up to 8°, and flexion-extension by up to 26°. 
For the joint A-P translations, the most extreme displacements were 5.4 mm 
more anterior and 3.7 mm more posterior.
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Table S.1. CAMS-EXTREME100 kinematics and kinetics for all activities. The numbers for each 
component (second column) report the different curve minima and maxima, and correspond 
to the triangles shown in Figure 1.3 to Figure 1.7.

Component
Peak 
No.

Level 
Walking

Downhill 
Walking

Stair 
Descent

Sit-to-stand-
to-sit Squat

Fx [N] 1 -141 -136 -151 133 -252

2 283 271 316 231

3 -176 -234

Fy [N] 1 -570 -577 -499 -291 312

2 171 287 222 233

Fz [N] 1 -3669 -3296 -3700 -3166 -3381

2 -3459 -4524 -3948 -3172

Fres [N] 1 3679 3299 3732 3167 3385

2 3486 4525 3953 3173

Mx [Nm] 1 33 31 32 27 24

2 26 34 35 27

My [Nm] 1 -53 -54 -48 16 22

2 -53 -59 18

Mz [Nm] 1 11 6 7 -13 -16

2 -16 -12 -14 -8

Abduction [°] 1 -3.2 -2.9 -3.9 2.4

2 2.1 2.0

External rotation 
[°]

1 -10.0 -7.9 -13.8 1.4 -14.7

2 8.2 5.4

Flexion [°] 
(implant)

1 12.0 69.1 94.1 -22.2 96.4

2 -16.1

3 58.0

Anterior 
translation [mm]

1 7.8 -11.2 -13.6 7.8 -7.2

2 -10.4

Flexion [°]
(mech. axis)

1 20.5 76.0 100.1 -6.6 102.8

2 -0.9

3 67.6
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���*�(�+���-�$�.�*�)�� �*�!�� ���/���)�•�.�� ��������-HIGH100 Kinematics and 
Kinetics Against the Results Obtained by Bergman et al.

Figure S.2�Ú�� ���*�(�+���-�$�.�*�)�� �*�!�� ���/���)�è�.�� ��������-HIGH100 kinematics and kinetics for stair descent 
against the results obtained by Bergmann et al. [115] �ù�	�
���	�§�¦�¦�ú�Ú�� ��� �-�"�(���)�)�è�.�� �-� �.�0�'�/�.�� �2� �-� ��
time-shifted by 17% gait cycle to enable comparison despite the different definitions of gai t 
cycle start- and stop-times. Top row: Kinematics. Bottom row: Loads.

Figure S.3�Ú�����*�(�+���-�$�.�*�)���*�!�����/���)�è�.����������-HIGH100 kinematics and kinetics for sit- to-stand-to-sit 
against the results obtained by Bergmann et al. [115] (HIGH100) and Abdel-Jaber [72]. 
��� �-�"�(���)�)�è�.���-� �.�0�'�/�.���2� �-� �����.�.� �(���'� �����!�-�*�(���/�#� ���/�2�*�������/�$�1�$�/�$� �.�è�������/�������)�����#�������/�#� ���!�$�-�.�/�Û���(�$�����'� �Û�����)����
last 10% gait cycle cut out to enable comparison despite the different definitions of gait cy cle 
start- and stop-times. Abdel-Jaber's results were time-shifted by 50% to match a sit-to-stand-to-
sit sequence. Top row: Kinematics. Bottom row: Loads.
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Figure S.4�Ú�����*�(�+���-�$�.�*�)���*�!�����/���)�è�.����������-HIGH100 kinematics and kinetics for squatting against 
the results obtained by Bergmann et al. [115] �ù�	�
���	�§�¦�¦�ú�Ú����� �-�"�(���)�)�è�.���-� �.�0�'�/�.���#�������/�#� ���!�$�-�.t and 
last 10% gait cycle cut out to enable comparison despite the different definitions of gait cy cle 
start- and stop-times. Top row: Kinematics. Bottom row: Loads.
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S2 Experimental and Computational Evaluation of 
Knee Implant Wear and Creep Under in vivoand ISO 
Boundary Conditions

Assessing the Credibility of Computational WearPy 
Wear Models Per the ASME V&V 40 Standard

Background
To apply the ASME V&V 40 [78] standard to our study, we propose a hypothetical 
scenario where WearPy is used in development of a new knee implant,  which is 
based on an existing device with previous testing and satisfactory clini cal history 
but different from the implant tested in the validation activities. The differen ces 
between the existing and the hypothetical new device are strictly geometric, 
with a change of the liner design. The material pairing (CoCr vs. PE), indications 
and size offerings are identical. The existing implant is the implant from our 
study that was used in the validation activities. For the wear evaluation of the 
new device, only displacement control boundary conditions are used. The goal 
is to identify the worst-case scenario, which will later be physically teste d for 
regulatory approval.
This example is for illustration purpose; for any new study that wou ld leverage 
the work presented in the current article, the context of use, q uestion of interest, 
model risk, credibility goal and validation assessment would need to be 
reconsidered.
���#� ���"�-�������/�$�*�)�.���*�!�����-� ���$���$�'�$�/�4�������/�$�1�$�/�$� �.���ù�é���ê�Û���é���ê�Û���é���ê�Û���é���ê�ú���!�*�'�'�*�2���/�#� ���������������¥����
40 standard.

1. Context of Use
Question of Interest : Does the hypothetical new total knee arthroplasty design 
provide sufficient resistance to wear of the polyethylene (PE) inlay under ISO 
14243-1 [69] and activities of daily living [190] test conditions in displacement 
control?

Context of Use: WearPy is used to determine the amount of PE volumetric wear 
of the new design and identify the worst case condition (test and  size). Bench 
testing will be performed on the identified worst-case.

2. Model Risk
2.1. Model influence:

The model results will be supplemented with a physical test on the device  of 
interest. Results will be compared to previous testing on a marketed device with 
satisfactory clinical history. 

Model influence: (a) 
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2.2. Decision consequence:

An incorrect wear comparison between different configurations coul d lead to 
improper wear assessment and release of a product with insufficient wea r 
resistance, which could lead to a revision of the knee implant. 

Decision consequence: (b).

Model risk: The model risk is determined to be LOW-MEDIUM

Credibility Target

With a LOW-MEDIUM model risk the credibility target is LOW-MEDIUM.

3. Model Credibility
3.1. Verification
3.1.1. Code verification
3.1.1.1. Software Quality Assurance (SQA)

WearPy builds on Abaqus, an off-the-shelf software that is validated by the 
developer according to ISO 9001:2015 [252]. Abaqus was not validated internally 
with specific tests.

WearPy is a user-developed software for Abaqus. End-to-end tests of the WearPy 
pipeline with different input models (Abaqus Standard and Explicit, linear and 
quadratic element types, different geometries) were implemented to ensure that 
no software exceptions occurred. Very basic unit tests of single 
functions/classes were implemented. No code review by a third party was  
performed.

�Þ�������������-� ���$���$�'�$�/�4�Ü���ù���ú

3.1.1.2. Numerical Code Verification (NCV)

The implementation of the wear and creep material laws was checked by 
simulating simple pin- on-disk and uniaxial creep tests and comparing the 
results with the analytical solution. The predictions matched the analytical 
results within 3% and 1 % for wear and creep, respectively.

�Þ�������������-� ���$���$�'�$�/�4�Ü���ù���ú

3.1.2. Calculation Verification
3.1.2.1. Discretization Error

Several convergence analyses were performed as described below. Individually,  
all these discretization error sources were less than 3%. 

Temporal convergence: The knee implant model of the ISO force-con trolled 
condition was evaluated with 50, 100, 200, and 400 time steps per motion cycle. 
Convergence was achieved at 200 time steps with a <0.2% relative difference to 
400 steps.

Maximum absolute surface deformation per wear analysis cycle increment 
(n inc): A pin-on-disk test of a pin with a spherical tip ( �‡5 mm) was simulated with 
quadratic tetrahedral mesh sizes of 0.1 and 0.05mm, normal forces of 100 and
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10N, and ninc of 0.02 and 0.01. With an ninc of 0.01, the wear volume error 
compared to the analytical solution was <3% for all combinations of the other  
parameters.

Mesh size: The mesh size was converged for one preliminary knee implant 
model of the ISO force-controlled condition with respect to wear. For the inlay, 
quadratic tetrahedral element sizes of 2mm, 1mm and 0.5mm were evaluated. 
For the femoral component, mesh sizes of 2mm, 1mm, 0.5mm, and 0.25mm 
were evaluated. Convergence was achieved with an inlay element size of 1mm 
at <3% difference to a larger mesh. Differences between choosing a femoral 
element size of 0.5mm or 0.25mm were negligible and 0.5mm was chosen.

�Þ�����$�.���-� �/�$�5���/�$�*�)��� �-�-�*�-�����-� ���$���$�'�$�/�4�Ü���ù���ú��

3.1.2.2. Numerical Solver Error

No numerical solver error credibility was performed.

�Þ�����0�(� �-�$�����'�����*�'�1� �-�����-�-�*�-�����-� ���$���$�'�$�/�4�Ü���ù���ú

3.1.2.3. Use Error

Key inputs and outputs were verified by the practitioner, but not by in ternal peer 
review.

�Þ�����.� ��� �-�-�*�-�����-� ���$���$�'�$�/�4�Ü���ù���ú

3.2. Validation
3.2.1. Computational Model
3.2.1.1. Model Form

The effect of applying force- vs displacement-controlled boundary co nditions 
was investigated and found to be substantial (see main publication). For thi s 
reason, the COU model is intended to use displacement-controlled bou ndary 
conditions.

The pin-on-disk model was used to investigate the effect of various penalty 
contact formulations. While the default linear stiffness resulted in an error of 
9% compared to the analytical solution, reduction of the stiffness by a f actor of 
10 or the choice of the standard non-linear stiffness reduced the error to 2%, an d 
a nonlinear stiffness reduced by a factor of 100 reduced the error to 0.4%.

The effect of activating tangential contact damping instead of having no 
damping was checked for a preliminary force-controlled ISO model. A f ixed 
damping value of 0.0001 and automatic damping scaled by 0.001 and 0.0001 were 
investigated. For automatic damping scaled by 0.001, up to 2mm difference in  
anterior-posterior translation was found. For the other two smaller damping 
values, differences did not exceed 0.3mm.

The quantitative influence of other model form assumptions such as 
constitutive, wear, or creep models, solver solution schemes, exact type of 
quadratic element type, etc. was not quantitatively investigated.

�Þ�����*��� �'���!�*�-�(�����-� dibility: (b)
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3.2.1.2. Model Inputs
3.2.1.2.1. Quantification of Sensitivities

The influence of deviations of several mm/degree in displacement contro l was 
investigated (see main publication). Other sensitivities to input loads and 
kinematics, coefficient of friction, posterior tibial slope, etc. wer e not 
investigated.

�Þ�����0���)�/�$�!�$�����/�$�*�)���*�!���.� �)�.�$�/�$�1�$�/�$� �.�����-� ���$���$�'�$�/�4�Ü���ù���ú

3.2.1.2.2. Quantification of Uncertainties

Uncertainties were not identified.

�Þ�����0���)�/�$�!�$�����/�$�*�)���*�!�����)��� �-�/���$�)�/�$� �.�����-� ���$���$�'�$�/�4�Ü���ù���ú

3.2.2. Comparator

The physical tests of Innex implants on the AMTI knee simulator under ISO  
14243-1 and Stan conditions (see main publication) serve as the comparator for 
this study.

The main output was quantitative PE wear volume. Secondary, surface 
deformation due to wear and creep damage was visually evaluated.

3.2.2.1. Test Samples
3.2.2.1.1. Quantity of Test Samples

Three test samples per condition were used for each condition as per the  ISO 
14243-1 standard but no power analysis was performed.

�ÞQuantity of test samples credibility: (b)

3.2.2.1.2. Range of Characteristics of Test Samples

A single implant size was tested.

�Þ�������)�"� ���*�!�����#���-�����/� �-�$�.�/�$���.���*�!���/� �.�/���.���(�+�'� �.�����-� ���$���$�'�$�/�4�Ü���ù���ú

3.2.2.1.3. Measurements of Test Samples

All samples were production parts and dimensions were controlled to be within 
the production tolerance. Material properties for the polyethylene and metal 
components were within the material specifications. Surface roughness of the 
femoral component, tibial inlay, and tibial baseplate were measured before and 
after the test in multiple locations.

�ÞMeasurement of test samples credibility: (c)

3.2.2.1.4. Uncertainty of Test Sample Measurements

Samples were characterized with calibrated equipment, so that uncertainty 
analysis incorporated instrument accuracy only.

�ÞUncertainty of test sample measurements credibility: (b)
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3.2.2.2. Test Conditions
3.2.2.2.1. Quantity of Test Conditions

Two conditions were examined on the knee simulator (ISO 14243-1 and Stan)

�ÞQuantity of test conditions credibility: (b)

3.2.2.2.2. Range of Test Conditions

Test conditions across a range of expected normal conditions (regular ISO 14243-
1 and representative Stan conditions in the knee test) were examined.

�ÞRange of test conditions credibility: (b)

3.2.2.2.3. Measurements of Test Conditions

Lubricant protein content, posterior tibial slope, loads and kinematics, lu bricant 
temperature on the machine were measured.

�ÞMeasurement of test conditions credibility: (c)

3.2.2.2.4. Uncertainty of Test Condition Measurements

Calibrated equipment was used to perform key test condition measurements, 
but no assessment of intra- or inter-operator variability was performed.

�ÞUncertainty of test condition measurements credibility: (b)

3.2.3. Assessment
3.2.3.1. Equivalency of Input Parameters

As the model reproduced the physical test, all inputs were equivalent (same 
implant type and size, same loading and kinematics, same set up).

�ÞEquivalency of input parameters credibility: (c)

3.2.3.2. Output Comparison
3.2.3.2.1. Quantity

Wear volume and knee implant deformation were evaluated.

�ÞQuantity credibility: (b)

3.2.3.2.2. Equivalency of Output Parameters

Types of outputs (wear volume, surface damage) were equivalent.

�ÞEquivalency of output parameters credibility: (c)

3.2.3.2.3. Rigor of Output Comparison

Wear volume was compared quantitatively (no model uncertainty, sample 
variability) and knee implant deformation was compared visually (model 
contour plots, sample 3D scan).

There was no consideration of uncertainty. 

�Þ�����$�"�*�-���*�!���*�0�/�+�0�/�����*�(�+���-�$�.�*�)�����-� ���$���$�'�$�/�4�Ü���ù���ú
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3.2.3.2.4. Agreement of Output Comparison

In displacement control, good agreement was obtained for volumetric wear , 
with the model output falling within the ranges of experimental ou tputs. 
Visually good agreement of damage patters was obtained.

�ÞAgreement of output comparison Credibility: (b)

3.3. Applicability of the Validation Activities to the Context of Use (COU )

Note: The applicability is based on the hypothetical scenario/context of use 
outlined at the beginning of this document. Any study leveraging this V&V 
should critically consider the applicability for the specific COU.

The COU encompasses all of the validation points.

3.3.1. Relevance of the QOIs

Both the validation activities and the COU are focused on volumetric wear and 
surface damage as the QOI.

�ÞRelevance of the quantities of interest credibility: (c)

3.3.2. Relevance of the Validation Activities to the COU

The geometries, materials, and boundary conditions for the validation activities 
are within the range of associated parameters for the COU. 

The hypothetical device of interest has small geometric differences to the 
implant used in the validation activities, but it is also a knee implant o f similar 
type and size, for identical indications and made of identical material pairing 
(CoCr vs. PE).

The COU and validation activities implement an identical wear test.

�ÞRelevance of the validation activities to the COU credibility: (d)

Summary
The gradation of all credibility factors is summarized in Figure S.5, followin g the 
example proposed by the recent FDA draft guidance [80].

���#� �����-� ���$���$�'�$�/�4���*�!���!�*�0�-���!�����/�*�-�.���ù�é���*�!�/�2���-� �����0���'�$�/�4�����.�.�0�-���)��� �ê�Û���é���0�(� �-�$�����'�����*�'�1� �-��
���-�-�*�-�ê�Û�� �é���0���)�/�$�!�$�����/�$�*�)�� �*�!�� ���)��� �-�/���$�)�/�$� �.�� �*�!�� �/�#� �� ���*�(�+�0�/���/�$�*�)���'�� ���*��� �'�ê�Û�� ���)����
�é�����)�"� �� �*�!�� ���#���-�����/� �-�$�.�/�$���.�� �*�!�� ���*�(�+���-���/�*�-�� ��� �.�/�� �����(�+�'� �.�ê�ú�� �2� �-� �� �'�*�2� �-�� �/�#���)�� �/�#� ��
credibility target. Given the credibility of the other factors, all of which mee t or 
exceed the low-medium credibility target, the overall credibility of  the modeling 
approach can be considered sufficient. 
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Figure S.5. Achieved credibility for all credibility factors, inspired by the example proposed  in 
the recent FDA draft guidance document [80]. The color coding and length of the horizontal 
bars indicate the achieved level of credibility, and the vertical black line segments indicate the 
model risk/credibility target. Mapping the variable 2 to 4 level gradation from the ASME V&V40 
[78] to a five-level gradation scheme from the FDA required an adaptation of the model 
risk/credibility target line to each credibility factor.
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