
 
 

From Model to Reality: 
Experimental and Computational Insights to 

Bone-Implant Mechanics 
 

 

 

 

 

 

Dissertation 

zur Erlangung des Grades  

des Doktors der Ingenieurwissenschaften 

der Naturwissenschaftlich-Technischen Fakultät 

der Universität des Saarlandes 

 

 

 

 

 

 

von 

Kerstin Wickert 

 

 

 

Saarbrücken  

2025 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Tag des Kolloquiums: 12.02.2026 

Dekan:    Prof. Dr.-Ing. Dirk Bähre 

Berichterstatter:   Prof. Dr.-Ing. Stefan Diebels 

    Prof. Dr. med. Marcel Orth 

 

Vorsitz:   Prof. Dr.-Ing. Matthias Nienhaus 

Akad. Mitarbeiter:  Dr.-Ing. Oliver Maurer 

 



i 
 

Kurzdarstellung 
In dieser kumulativen Dissertation wurden in vier Veröffentlichungen experimentelle und 

rechnerische Ansätze eingesetzt, um Knochen-Implantat-Systeme unter physiologischen 

Bedingungen zu untersuchen. Das übergeordnete Ziel dieser Arbeit war es, das Verständnis 

der mechanischen Einflüsse von Frakturfixationen zu vertiefen und dadurch die 

Knochenheilung zu verbessern. 

In diesen vier Studien wurde ein experimenteller Workflow zum Testen von Knochen-Implantat-

Systemen etabliert, mit dem es zusätzlich möglich war, eine Korrelation zwischen 

interfragmentärer Bewegung und Implantatstabilität herzustellen. Darüber hinaus wurde ein 

neues Plattenkonzept (in vivo, in vitro und in silico) untersucht sowie der Einfluss der 

Implantatgeometrie auf das Simulationsergebnis analysiert. 

Zusammen tragen diese vier Veröffentlichungen zu einem umfassenderen Verständnis des 

biomechanischen Verhaltens von Knochen-Implantat-Systemen bei. Sie zeigen, wie integrierte 

experimentelle und rechnerische Methoden eingesetzt werden können, um die 

Leistungsfähigkeit von Implantaten zu untersuchen, Simulationen zu validieren und klinische 

Entscheidungen zu unterstützen. Die entwickelten Arbeitsabläufe bieten eine solide Grundlage 

für zukünftige Forschungsarbeiten und besitzen das Potenzial, zu einem verbesserten 

Implantatdesign, einer patientenspezifischen Behandlungsplanung und letztlich zu besseren 

Ergebnissen in der Frakturheilung beizutragen. 
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Abstract 
In this cumulative dissertation, experimental and computational approaches were applied in 

four publications to investigate bone–implant systems under physiological conditions. The 

overarching aim of this work was to deepen the understanding of the mechanical influences of 

fracture fixation and thereby contribute to improved bone healing. 

Across four studies, an experimental workflow for testing bone-implant systems was 

established, which additionally enabled the correlation between interfragmentary movement 

and implant stability. Furthermore, a novel plate design was investigated in vivo, in vitro, and 

in silico, and the influence of implant geometry on the simulation outcomes was examined. 

Together, these four publications contribute to a more comprehensive understanding of the 

biomechanical behavior of bone–implant systems. They demonstrate how integrated 

experimental and computational methods can be used to assess implant performance, validate 

simulations, and support clinical decision-making. The developed workflows provide a solid 

foundation for future research and hold the potential to contribute to improved implant design, 

patient-specific treatment planning, and better outcomes in fracture healing. 
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Outline 
This work is based on the following publications 

 Title and Journal Aim Methods Results 

Paper 1 
 

Simulating 
Physiological 
Conditions: A Novel 
Testing Device for 
Bone–Implant 
Interfragmentary 
Movement, under 
consideration/ review 
at a peer-reviewed 
journal owned by a 
major scientific 
publisher (2025) 

Investigate 
interfragmentary 
movement 
under realistic 
conditions 

Realistic 
simulations of a 
gait cycle to 
human 
cadaveric bone 
using 
experiments and 
computational 
approaches 

Workflow has 
been established 
to test bone-
implant systems 
 
With this 
knowledge bone 
healing should  

Paper 2 
 

Experimental and 
virtual testing of 
bone-implant 
systems equipped 
with the AO 
Fracture Monitor 
with regard to 
interfragmentary 
movement, Frontiers 
in Bioengineering and 
Biotechnology (2024) 

Define 
relationship 
between AO 
Fracture Monitor 
and 
computational 
analyses 

AO Fracture 
Monitor as strain 
gauge 
measurement 
and digital 
image 
correlation to 
investigate 
implant strain 
and 
interfragmentary 
movement 

Strong correlation 
defining a 
relationship 
between the 
different areas of 
interest 
 
Computational 
analysis validated 
through 
experimental 
work 

Paper 3 
 

Integrated Study of 
the Distal Femur 
Biphasic Plate: 
Exploring In Vivo, In 
Vitro, and In Silico 
Methodologies, 
submitted to Frontiers 
in Bioengineering and 
Biotechnology (2025) 

Exploring 
biphasic plate 
design in 
context with 
human 
specimens 
under real world 
conditions 

In vivo, in vitro 
and in silico 
methods were 
used to evaluate 
biphasic 
behavior 

Biphasic plate’s 
behavior was 
tested in vivo, in 
vitro and in silico. 
Biphasic states 
were captured in 
vitro. Different 
stress 
distributions of 
the plate 
depending on 
load cases (axial 
vs real world 
conditions). 

Paper 4 
 

CT-, 3D-Scan and 
Manufacturer-Based 
Implant Models: A 
Comparative Finite 
Element Study on 
Implant Geometry 
and 
Interfragmentary 
Movement in Distal 
Radius Fracture 
Fixation, in progress 
(2025)  

Investigate 
geometry 
source of the 
implant to 
computational 
outcome in finite 
element 
analyses 

Comparing of 
three different 
implant 
geometries with 
the help of 
computational 
analyses 
concerning 
realistic loading 
conditions 

In addition to the 
geometric 
differences, 
minimal implant 
positioning play a 
significant role in 
the calculated 
results.  
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Research Purposes 
Following research purposes are summarized in these papers: 

Paper 1: This paper presents the concept of a self-designed and constructed testing device 

for evaluating bone-implant systems under physiologically relevant loading scenarios. A 

workflow is described using a human cadaveric tibial bone with a distal spiral fracture treated 

with a plate osteosynthesis. Knee joint forces that occur during a gait cycle are applied to the 

treated tibia. The aim of the investigations is to determine key biomechanical parameters, 

during a specific loading scenario. In summary, an established, reproducible workflow has 

been developed that makes it possible to test bone-implant systems under physiological 

loading scenarios and determine key biomechanical parameters.  

Paper 2: The second paper combines experiment and simulation. Therefore, measurements 

with the AO Fracture Monitor (strain gauges) and measurements using digital image correlation 

were used experimentally. Biomechanical simulations were done evaluating implant surface 

and interfragmentary movement. To link between experiment and simulation hypotheses were 

formulated. There is a correlation between (1) digital image correlation and interfragmentary 

movement executed in the experiment (2) measurements of the digital image correlation and 

the AO Fracture Monitor signal. With the help of digital image correlation, the quality of the 

simulation results can be assessed. A linear model can be developed to combine AO Fracture 

Monitor signal with simulated interfragmentary movement. In conclusion, digital image 

correlation is an effective tool to evaluate bone-implant systems. It was shown, that there is a 

linear relationship between strain on the implant surface and the interfragmentary movement. 

In addition, a correlation between biomechanical simulations and experimentally 

measurements could be established. However, this correlation depends on the type of fracture 

and the treatment. 

Paper 3: Biphasic plate design is a new concept of plate fixation. This study examined the 

plate’s behavior under realistic loading conditions compared to traditional plating. The biphasic 

plate can assume two different modes (rigid or flex), which either provide greater strength or 

sufficient flexibility to support the healing process. The investigations were conducted in vitro 

using a human cadaveric specimen, prepared with the AO Fracture Monitor to detect the 

different modes in a test setup under axial loading. In vivo observations were based on four 

patients treated with the biphasic plate, whose clinical imaging and motion capturing data 

additionally served as the basis for the in silico models. The study successfully explored 

patient-specific biomechanical simulations, using biphasic plates as a treatment option to 

address multidirectional forces. These individual factors are evident in the simulation results, 

where the maximum load is distributed along the edges of the biphasic plate rather than 

centrally when the plate is subjected to pure axial load.  

Paper 4: This paper investigates the effect of implant geometry source to biomechanical 

simulation results. The basis builds an initial patient dataset. Three different implant geometry 

sets from (1) computed tomography scan (2) three-dimensional scan and (3) manufacturer 

data were imported to the initial dataset. In all three computational evaluations, same material 

assignment were used. Differences were shown in interfragmentary movement near cortex, 

caused by potential minimal differences during implant positioning. Another aspect using 

computational simulations to surgical planning or in preoperative situations is to concern the 

rising time during model generation and computational time with rising element sizes especially 

in contact areas (screw to implant, screw to bone).  
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1. Introduction 
With increasing age, the risk of sustaining a bone fracture rises significantly and so does the 

complexity of the healing process. By the age of 55, an estimated 44 % of adults will have 

experienced at least one fracture [1]. Furthermore, approximately 10 % of all fractures fail to 

heal without complications [2].  

The most frequently fractured bones include the femur (thigh bone), radius (forearm) [3], and 

tibia (shine bone) [4]. In Germany, the number of reported cases in 2023 included 132,445 

forearm fractures, 217,593 femoral fractures, and 120,867 lower leg fractures, including those 

involving the ankle joint (see Figure 1) [5]. 

 

Figure 1: Red colored bones are the most frequently fractured bones, combined with the number of reported cases 
in Germany in 2023 [5]. Skeletal bones were modeled with Anybody™ (AnyBody™ Technology A/S Aalborg, 
Denmark). 

Delays during the healing process are relatively common by these kind of fractures, resulting 

in lengthy treatment and recovery. In some cases, full recovery may never be achieved. The 

results of a protracted or incomplete recovery are long periods of absence from work and long-

lasting hospital stays, which incur considerable costs. These challenges underscore the 

importance of personalized, well-targeted treatment strategies that can support recovery and 

help restore full functional mobility.  

When these efforts fails, revision surgery often becomes the only remaining option, effectively 

resetting the healing process. It is estimated that 5-10 % of all fractures result in a so-called 

nonunion, requiring additional surgical intervention to initiate or support healing [6], [7]. 

According to the U.S. Food and Drug Administration, a fracture is classified as a nonunion if 

there is no radiographic evidence of healing within three months and no union has occurred 

by nine months post-injury [8]. Another definition states that a fracture is considered a nonunion 

if, in the opinion of the treating surgeon, healing is unlikely to occur without further surgical 

intervention [9]. 
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Fracture healing complications, particularly nonunion, are associated with significant 

socioeconomic burdens [10]. Owing to global variations in healthcare systems, the cost of 

treating nonunion cases differs substantially between countries. In Germany, the average cost 

of managing lower leg fractures is approximately 6,377 € per patient, ranking second only to 

the cost of revision procedures for pelvic and hip fractures [7]. In the United Kingdom, the 

average treatment cost for nonunion is £17,200 for femoral fractures and £16,330 for tibial 

fractures [9].  

On one hand one has to define what causes nonunion or delayed healing and on the other 

hand one has to clarify which factors are decisive in these cases. Delayed or absent healing 

can result from a variety of factors. These may be biological, (diabetes or smoking) [11] or 

mechanical, such as implant failure. In many cases, the cause is a combination of both. The 

diamond concept of fracture healing integrates these two domains and considers them equally 

important [8]. A strict separation between biological and mechanical influences is often not 

feasible, as they frequently interact. In such cases, these interdependent influences are 

referred to as biomechanical factors (see Figure 2). 

Two fundamental biomechanical factors influencing fracture healing are implant stability and 

interfragmentary movement (IFM). The stability of the osteosynthesis is determined by its 

stiffness, which plays a direct role in the healing outcome. Together with the applied load, 

stiffness dictates the extent of IFM [12]. The primary function of osteosynthesis is to stabilize 

individual bone fragments and maintain their alignment. The fixation must strike a balance, 

providing enough rigidity to prevent excessive motion, while still allowing controlled 

micromotion to stimulate biological healing. If the construct is too unstable, excessive IFM can 

disrupt the healing process and lead to nonunion [13].  

 

Figure 2: Healing disturbances showing that implant stability and interfragmentary movement are biomechanical 
key factors influencing this process. Finite element simulation and mechanical testing investigating those key factors 
and widen the biomechanical knowledge to improve healing disturbances. 
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This overall aim is to expand the understanding of biomechanics by focusing on the key 

mechanical factors that influence fracture healing. Finite element (FE) analysis is used to 

simulate complex physical behavior through numerical modeling, providing a framework for 

analyzing and interpreting mechanical conditions relevant to bone regeneration. A major 

advantage of this method is its ability to test alternative treatment strategies virtually, enabling 

clinically important questions to be addressed prior to implementation. This can lead to 

improved patient outcomes while also helping to reduce the risk and cost of revision surgeries. 

However, to ensure that simulation results are both reliable and meaningful, experimental 

validation is essential to confirm their accuracy and strengthen their clinical relevance. To 

address this, experiments are executed using custom-designed testing devices specifically 

developed to replicate individualized loading scenarios for bone-implant systems. With the help 

of FE analyses and experimental work the biomechanical knowledge will be investigated and 

will help to improve the healing disturbances (see Figure 2). 

Figure 3 shows the established workflow to develop bone-implant systems. For realistic 

conditions, human cadaveric bones are prepared with standardized fractures and 

subsequently stabilized with implants. These specimens are then subjected to physiologically 

relevant loading within the experimental setup, and the resulting mechanical responses are 

analyzed. In parallel, FE simulations are used to model the corresponding biomechanical 

conditions. Clinical imaging data are used to generate subject-specific computational models, 

which are then exposed to the same loading scenarios as in the experiments. The simulation 

outcomes are subsequently compared with the experimental data to assess consistency and 

validate the models.  

 

Figure 3: Workflow shown the development of bone-implant systems using experimental and computational 
processes. Experimental parts highlighted in yellow, computational parts highlighted in blue and the results 

(validation) shown in pink. 

The individual papers led to several key outcomes: 

1. Examining the fracture site using a self-designed testing device to reproduce 

physiological relevant loading scenarios (Paper 1). 

2. Experimental and computational definition of the relationship between implant stability 

and IFM (Paper 2). 

3. Evaluation of innovative implant designs concerning in vivo, in vitro, and in silico 

methodologies (Paper 3). 

4. Investigation of input data influences the outcomes of FE simulations (Paper 4).
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2. Biomechanical Basics 
This chapter introduces fundamental biomechanical principles that are crucial for 

understanding the mechanics of fractures and their treatment. It outlines the main anatomical 

directions and axes, the mechanical characteristics of human bone, and the common fracture 

classification system. Furthermore, it provides an overview of the biological healing process, 

with a particular focus on mechanically relevant factors that influence bone regeneration and 

the stability of bone-implant systems. 

2.1 Anatomical Axes and Directions 

To understand anatomical directional terms, the following concepts are illustrated using the 

example of the human skeleton to show anatomical axes (see Figure 4 A) and anatomical 

directions (see Figure 4 B) [14]: 

o Longitudinal axis (vertical axis, divides the body into front and back), 

o Transverse axis (horizontal axis, divides the body into upper and lower parts), 

o Sagittal axis (vertical axis, divides the body into left and right), 

o Proximal (closer to the trunk or center of the body), 

o Distal (further from the trunk or center of the body), 

o Medial (toward the midline) and Lateral (further from the midline). 

 

Figure 4: A: Anatomical axes, B: Anatomical directions on human body. Skeletal bones were modeled with 
Anybody™ (AnyBody™ Technology A/S Aalborg, Denmark). 
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2.2 Geometry and Mechanical Properties of Bone  

The human skeleton consists of numerous bones and serves as the structural framework of 

the body. Among these, the radius, femur, and tibia are the three long bones with the highest 

incidence of fractures [3], [4]. Despite their varying locations and functions, all bones generally 

share a similar morphology. Approximately 80 % of bone mass is composed of a hard outer 

shell known as cortical bone (see Figure 5 A). This dense layer is found along the diaphysis 

as well as at the epi- and metaphysis (see Figure 5 B), where it encases the inner cancellous 

bone, or trabecular bone (see Figure 5 A) [15]. 

Bone quality is a key determinant of the body's load-bearing capacity, influencing the 

mechanical stability, strength, and adaptability of the skeleton. One of the most critical factors 

in assessing bone quality is bone mineral density (BMD). It is estimated that 60-70 % of a 

bone’s mechanical competence can be attributed to its density [16]. Due to this dependence 

of mechanical strength on BMD, a bone with lower BMD cannot be subjected to the same 

higher load as a bone with higher BMD (Paper 2). Furthermore, a correlation can be 

established between bone density and the elastic modulus [17]. Accurate representation of 

material properties - such as local variations in bone density - is essential for obtaining reliable 

results in FE analyses. 

 

 

Figure 5: A: Bone structures (cortical and trabecular) shown on femoral bone, B: Classification of single parts of 
human long bone shown on tibial bone. Skeletal bone was modeled with Anybody™ (AnyBody™ Technology A/S 

Aalborg, Denmark).  

FE models of bone structures are typically derived from computed tomography (CT) data. The 

CT scans are processed through image segmentation to generate a three-dimensional (3D) 

geometric representation of the bone. This process involves various image processing 

techniques, including thresholding, morphological closing, and smoothing filters. To assign 

material properties to the model, a relationship between bone density and the elastic modulus 

is required. A mathematical correlation between CT gray values and the corresponding density-

modulus relationship is established.  

To achieve accurate quantification of BMD from CT data, a calibration phantom is typically 

employed. A widely used standard is the hydroxyapatite (HA) phantom, which consists of 

several rods with defined HA concentrations [18], [19]. This phantom enables the calibration of 

CT gray values and serves as a reference for converting Hounsfield units (HU) into quantitative 

bone density values. It is important to distinguish between different definitions of density when 

deriving mechanical properties from imaging data. The most commonly referenced types are 
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equivalent mineral density, ash density, and apparent density. Among these, apparent density 

is typically used for establishing the relationship with the elastic modulus (see Figure 6).  

For densitometric relationship, histograms are created for each HA phantom rod, capturing the 

distribution of CT gray values relative to the number of corresponding voxels. The peak of each 

histogram is used to define a linear relationship between HU and equivalent mineral density. 

By using a calibration phantom, this density metric can be directly obtained from the CT data. 

Equivalent mineral density exhibits a strong correlation with ash density [17], which is 

experimentally determined through the incineration of bone specimens in a furnace, followed 

by measurement of the residual mineral content. Ash density is then calculated as the ratio of 

the ash mass to the original mass of the specimen [17], [20].  

Apparent density, which is closely linked to the elastic modulus, is derived from ash density 

and serves as a key parameter in establishing the density-modulus relationship [21]. It is 

defined as the ratio of a specimen’s wet mass to its total volume. To determine apparent density 

experimentally, bone specimens are first cleaned and de-marrowed, then submerged in water 

to ensure full saturation. To eliminate entrapped air, the samples are placed under vacuum, 

after which they are centrifuged and weighed to obtain the wet mass [22]. The resulting 

apparent density is subsequently used as the basis for mechanical property assignment in the 

FE model. 

 

Figure 6: Modulus calculation from computed tomography (CT) scan in (Hounsfield Units (HU)) using a 
hydroxyapatite (HA) calibration phantom. 

BMD is among the most frequently assessed parameters for evaluating implant performance 

and monitoring the healing process. Numerous studies have demonstrated a strong correlation 

between BMD and implant stability and function [23]. 
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2.3 Fracture Type and Treatment 

The AO Foundation (Arbeitsgemeinschaft für Osteosynthesefragen) focuses on the 

fundamental principles of fracture management and the development of standardized 

treatment protocols. To support this, a globally recognized fracture classification system was 

established [24]. This standardized system is widely used in clinical practice and research, and 

is accompanied by treatment guidelines tailored to each fracture type, aiming to support 

consistent and evidence-based decision-making. Fractures are categorized based on 

anatomical location, fracture morphology, and severity. 

The classification code consists of multiple components: the first number identifies the 

anatomical region, the second indicates the segment of the bone involved (1 = proximal, 2 = 

diaphyseal, 3 = distal), and the final letter denotes the type and complexity of the fracture.  

For example, the code “AO 2R3A2” refers to a specific fracture with defined location and 

characteristics (see Figure 7 A). In this context, the number “2” refers to the forearm, and the 

additional letter “R” designates the radius. The “3” indicates a fracture located at the distal 

epiphysis, while the letter “A” denotes a simple fracture. As an added feature, the AO 

classification provides treatment recommendations for each specific fracture type to support 

optimal clinical management. 

 

Figure 7: A: Radius with fracture according to AO classification: Samples with different angles of a simple fracture, 
B: Treated fracture with individualized plate osteosynthesis. Skeletal bones except radius were modeled with 
Anybody™ (AnyBody™ Technology A/S Aalborg, Denmark). 

Fractures of long bones can be managed using several fixation methods, including 

intramedullary nails, plate osteosynthesis, and external fixators. The choice of treatment 

depends largely on the fracture location and the extent of the injury.  

Intramedullary nails are inserted into the medullary canal of the bone, providing load-sharing 

that is closely aligned with the anatomical axis [25]. Because the implant is centrally positioned, 

this technique offers high mechanical stability and is often associated with strong primary 

fixation. 
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Plate osteosynthesis (see Figure 7 B) is commonly used for fractures near joints. Plates are 

affixed to the outer surface of the bone, which introduces bending loads due to the eccentric 

positioning. One advantage of this method is that the external placement of the implant makes 

it particularly suitable for experimental analysis. It allows for easy application of optical 

measurement techniques and the integration of instrumentation to assess implant stiffness. 

Additionally, since the plate is located near the fracture site, it enables a meaningful correlation 

between implant stiffness and IFM (Paper 2). 

In cases involving significant soft tissue trauma, external fixators are often preferred . These 

devices are mounted outside the body and connected to the bone via pins, providing 

stabilization while minimizing disruption to the injured soft tissue. 

In summary, primary and secondary stability serve as key indicators for assessing 

osseointegration, i.e., the quality of the bone-implant interface. Primary stability refers to the 

initial mechanical stability of the implant, whereas secondary stability is governed by biological 

factors [26]. 

2.4 Healing Process and Mechanical Key Factors 

A detailed understanding of the fracture healing process is critical for developing targeted 

strategies to support and enhance bone regeneration. This requires identifying the key 

mechanical and biological factors that influence healing outcomes. Among the most common 

causes of impaired fracture healing are poor vascularization and inadequate mechanical 

stabilization of the fracture site [12]. Fracture healing occurs through two primary mechanisms: 

direct (primary) and indirect (secondary) healing (see Figure 8).  

 

Figure 8: Healing process in dependence of stability showing that different stability modes resulting in different 

healing outcomes (e.g. too unstable end up in nonunion or complications, absolutely stable and up in union). 

Direct healing requires absolute stability at the fracture interface and is typically achieved 

through rigid fixation [27]. However, based on Perren’s strain theory, successful healing 

depends on maintaining a controlled range of interfragmentary strain - too much or too little 

can disrupt the process [28]. Excessive stability, or over-rigid fixation, may inhibit healing and 
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has been associated with complications such as osteonecrosis due to a lack of mechanical 

stimulation [29]. 

Indirect healing, by contrast, is characterized by new bone soft tissue that bridges the fracture 

gap (formation of a callus). This process is facilitated by some degree of micromotion at the 

fracture site, allowed by more flexible fixation methods. The optimization of the 

mechanobiological terms promote a fast stable callus formation (Paper 3). After 

revascularization and calcification, the callus gradually decomposes into mature bone, 

restoring structural integrity [30]. These findings underscore the close relationship between 

mechanical stability and the biological processes governing fracture repair. 

In biomechanical research, the stability of an osteosynthesis is typically assessed through two 

key parameters: stiffness and IFM. Those are not feasible as direct measurements within living 

organisms. IFM refers to the relative movement and deformation between bone fragments at 

the fracture site. These kinematic parameters are strongly influenced by the fracture gap width, 

with which they share a direct relationship. It is known that excessive motion at the fracture 

interface has been shown to disrupt the healing process [13]. In stabilized fractures, 

interfragmentary strain is generally maintained below 10 % to promote successful healing [31].  

The extent of IFM depends on the external loading conditions and the geometry of the fracture, 

particularly the size of the gap. When IFM remains within an optimal range, physiological bone 

healing can proceed. However, successful biological regeneration also depends on sufficient 

revascularization, which is itself influenced by IFM and fracture gap size. During the early 

phase of healing, IFM tends to be relatively high, as the mechanical environment is dictated 

primarily by the fixation stiffness and the loading scenario. As healing progresses, the 

developing callus begins to stiffen and assumes a greater share of the load, which gradually 

reduces IFM. In the final phase, as the callus mineralizes and remodels into lamellar bone, 

IFM is effectively eliminated and any redundant tissue is resorbed [32]. 

Therefore, IFM and fixation stiffness are critical mechanical factors in the regulation of the bone 

healing process [32].  
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3. Biomechanical Study Design 
This chapter summarizes all relevant considerations for the design and implementation of 

biomechanical studies. Starting by presenting general methodological requirements that 

contribute to biomechanical investigations. Following this, the main experimental approaches 

are discussed in terms of their respective advantages and limitations. Finally, the chapter 

addresses loading scenarios relevant to bone-implant systems, highlighting their significance 

in both experimental and computational contexts. Together, these sections provide a structured 

foundation for understanding the methodological choices made in the studies presented 

throughout this work. 

3.1 General 

Every biomechanical study should begin with a defined hypothesis or research question that 

the study aims to address. The more specific the research question, the more effectively an 

appropriate and targeted study design can be developed. Equally important is establishing the 

intended context of application for the investigation. This ensures that the findings are not only 

scientifically robust but also practically relevant and translatable to clinical practice.  

The fundamental principles of high-quality biomechanical research have been discussed 

extensively in the literature, e.g. Augat et al. [33]. In addition to well-established scientific 

quality criteria for biomechanical studies - such as those outlined by Augat et al. [33] - there 

are also regulatory guidelines that are particularly relevant for computational modeling of 

medical devices. Augat et al. [33] highlight four key criteria that can be used to evaluate the 

validity and impact of biomechanical studies: 

1. Appropriate: 

Appropriate, quantifiable outcome measures should be selected to directly address the 

research question. Parameters such as implant stability and IFM are commonly used, as they 

serve as functional indicators of bone-implant system performance. 

2. Reliability and 3.Validity: 

Ensuring reproducibility and transparency of the data requires a thorough description of the 

experimental setup and measurement procedures. Clear documentation is essential to 

minimize variability between test runs and to enhance the reliability and precision of the results. 

4. Relevance: 

The ultimate aim of any biomechanical study should be to advance patient outcomes. 

Achieving this requires a study design that is not only scientifically sound but also clinically 

relevant and reflective of real-world conditions. Experimental models should strike a balance 

between simplification and realism, drawing on established studies to ensure that results are 

both comparable and meaningfully interpretable within the broader clinical context. 

To this end, the U.S. Food and Drug Administration [34] has issued a comprehensive guidance 

document that defines key requirements for such modeling studies. It addresses critical 

elements including model generation (see Paper 4), the selection and definition of appropriate 

material models, the specification of boundary conditions, and approaches for model 

verification and validation. The goal of this guidance is to enhance the transparency, 

reproducibility, and ultimately the clinical relevance of computational simulations, while 

establishing standardized criteria for their evaluation. 
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3.2 Study Design Implementation 

Biomechanical research questions can be investigated at various levels: in vivo within a living 

organism, in vitro under controlled laboratory conditions, and in silico through computer-

based simulations. 

In vivo studies, conducted within living subjects, require clinical trials that must adhere to strict 

regulatory frameworks and are often associated with substantial costs. These studies must 

follow strict ethical and legal guidelines, including formal approval processes such as obtaining 

clearance from an institutional review board. One of the primary challenges in clinical research 

is patient selection. Answering a specific clinical question typically requires a sufficiently large 

and defined study population. However, assembling a homogeneous cohort is particularly 

difficult in clinical settings, as patients often present with a wide range of fracture types, bone 

densities, and comorbidities. This variability complicates standardization of testing conditions 

and reduces the reproducibility of results. Depending on the research objective, such 

heterogeneity can significantly limit the strength and comparability of study outcomes. 

Moreover, the practical execution of biomechanical measurements in vivo, such as assessing 

implant stiffness or IFM, is often technically challenging and not always feasible. As a result, 

studies of this nature are limited, and the availability of high-quality clinical data remains 

scarce. 

In vitro studies, performed under controlled laboratory conditions, offer several advantages 

over in vivo research - particularly in terms of reproducibility and cost-effectiveness. In 

biomechanical research, a broad spectrum of test materials is available, ranging from synthetic 

bone to human cadaveric specimens and animal bones, selected based on the specific aims 

of the study. Importantly, the choice of material and the geometry of the specimen can influence 

outcomes and should be carefully considered. Standardized testing protocols can be easily 

replicated, which simplifies data collection, analysis, and comparison across studies. 

Laboratory settings enable focused investigation of specific parameters (such as implant 

stiffness or IFM) under controlled conditions. Such studies enable tight control over key 

variables and facilitate the establishment of consistent testing conditions. However, this high 

level of control also creates idealized experimental settings that may not fully reflect clinical 

reality. As a result, important biological influences (soft tissue dynamics, muscle activity, and 

the progressive stages of healing) are frequently absent or oversimplified, limiting the direct 

clinical applicability of the findings. 

In silico (computational) studies represent a valuable complement to experimental and clinical 

approaches. However, to ensure that the results are robust and meaningful, careful validation 

is essential; either through comparison with experimental data or reference to established 

literature. It is important to recognize that the outcomes of such simulations are highly 

dependent on the selected input parameters, including the material properties of the modeled 

specimens or implants, as well as the defined loading conditions. Therefore, one of the studies 

investigates the influence of input data, particularly the generation of implant geometry, on the 

results of FE simulations. The analysis focuses on how different methods of implant geometry 

generation affect the simulation outcomes. 

Paper 3 combines these three design implementations. The two biphasic states were captured 

in an in vitro study using a human cadaveric specimen. Equivalent investigations were 

confirmed in in silico studies. The study was completed with four patient cases (in vivo). By 

combining the three studies, it was possible to experimentally investigate the plate concept 

and its effect on the healing process.  



3. Biomechanical Study Design 

12 
 

Figure 9 summarizes the various approaches with their advantages and disadvantages.  

 

 

Figure 9: Options to implement a study design showing advantages and disadvantages of in vivo, in vitro and in 

silico studies. 

 

3.3 Loading Conditions 

Understanding how biological tissue respond to mechanical loading is central to many 

concepts in bone biology and biomechanics. Two foundational theories in this area are Wolff’s 

law and the concept of the mechanical environment introduced by Perren [28]. Wolff’s law [35], 

formulated in the late 19th century, posits that bone continuously adapts its structure - both 

internally and externally - based on the mechanical forces it experiences. In essence, “form 

follows function”: bone is deposited where mechanical stress is present and resorbed where it 

is absent [35].  

Building on this principle, Perren proposed a model linking mechanical stability, micromotion 

at the fracture site, and the biological process of bone healing [29]. His concept of the 

mechanical environment emphasizes that controlled movement at the fracture interface can 

promote regeneration under the right conditions. More recently, the diamond concept has 

broadened this view by integrating mechanical, cellular, and molecular factors into a 

comprehensive framework for understanding bone healing [36]. This model highlights the 

interplay between biomechanics and biology in driving successful tissue regeneration. 

Expanding on earlier work, Claes introduced a tissue differentiation model that describes the 

bone healing process as a function of the mechanical stiffness of the fixation construct [12]. 

This model established that there is an optimal strain range within which bone regeneration 

can proceed effectively, without disruption. 

Claes and Heigele [37] developed the concept of a “perfect healing window,” which describes 

bone formation as a function of strain and hydrostatic pressure. When specific thresholds for 

strain and pressure are maintained, bone regeneration is promoted. In simple terms, within the 

fracture gap, distinct thresholds for strain and hydrostatic pressure delineate different tissue 

outcomes (resorption, bone, cartilage, fibrous tissue, or tissue damage). 
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This framework underscores a fundamental principle: mechanical loading is not merely a risk 

factor for implant failure, but also a vital stimulus for successful bone healing. Yet, in practice, 

biomechanical evaluations often focus on individual components of the system in isolation. For 

example, load transmission through the fixation device, material testing of isolated bone 

samples, and gait dynamics in lower limb fractures are frequently investigated as separate 

entities. 

The following sections provide a more comprehensive perspective by examining the 

interrelationship between these three key components of the biomechanical system. 

3.3.1 Implant Load Analysis 

The research question is a key factor in determining the appropriate loading condition. When 

investigating how the underlying geometric data of the implant influences the simulation results 

just concerning implant load analysis, a simplified loading scenario is sufficient for initial 

analyses.  

By limiting the mechanical input to axial loading, potential deviations in the simulation results 

can be more directly attributed to differences in the underlying geometric representations. This 

controlled setup minimizes the influence of complex boundary conditions or load interactions 

and thus provides a clearer assessment of the sensitivity of the FE model to geometric input 

data. 

However, if the influence of implant geometry on overall biomechanical behavior during 

clinically relevant loading scenarios is the subject of the investigations, the load case changes, 

and within the regions of interest (Paper 4). This means that, in addition to implant analysis, 

IFM is also crucial. 

Orthopedic implants are traditionally evaluated through material testing and regulatory 

approval processes that rely on standardized testing protocols. These methods typically focus 

on static and cyclic loading scenarios, as defined by international standards. In most cases, 

testing is performed using simplified setups that apply purely axial loads [38]. The use of real 

conditions instead of a purely axial load led to significant differences in the load distribution on 

the implant, with the maximum load shifting from a central distribution to the outer edges (Paper 

3). 

Regulatory approval processes or standardized testing protocols not always matching the real 

world conditions implants are exposed to. A common illustration of this simplified methodology 

is the approval process for radius screws [39]. To determine their mechanical performance, 

screws are placed vertically in a bone substitute and then pulled out axially. However, in clinical 

applications, these screws are rarely inserted vertically. Instead, they are placed at oblique 

angles, aligned with anatomical structures (Paper 4). This orientation results in more complex 

loading conditions involving combinations of shear, bending, and torsional forces - none of 

which are accounted for in standard test protocols. This mismatch between standardized 

testing and real-world conditions can lead to an underestimation of true failure behavior and 

may overlook critical biomechanical vulnerabilities. 

While standardized testing protocols offer a certain level of comparability, they fall short in 

capturing the complex biomechanical conditions present within the human body. In clinical 

practice, implants are simultaneously subjected to multiple loading modes - combinations of 

multi-axial forces that act during different phases of specific movement patterns. Transverse 

loads, in particular, play a critical role in certain loading scenarios and should be accounted for 

in biomechanical modeling [40]. These multi-axial and dynamic loading conditions can 

contribute to material fatigue, micromotion at the implant interface, or even premature implant 

failure; factors that are often not detected through standard testing protocols .  
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A growing trend in implant testing is the use of anatomically accurate loading conditions based 

on real-life movement and force patterns [41]. Recent studies increasingly account for both 

translational and rotational alignment of the bone by applying loads relative to a defined 

anatomical coordinate system. This approach enables more physiologically relevant loading of 

the implant, resulting in data that better reflect its performance under clinical conditions . 

Incorporating such realistic boundary conditions into implant testing represents an important 

step toward improving implant design, minimizing the risk of mechanical failure, and enhancing 

long-term in vivo stability. 

3.3.2 Gait cycle as physiological load case 

The gait cycle represents one of the most fundamental forms of human movement and serves 

as the primary loading condition during the healing period of lower extremity fractures. Gait 

analysis is widely used across disciplines - not only in clinical diagnostics but also in fields 

such as sports science - to evaluate walking mechanics and extract meaningful gait 

parameters. These analyses provide insight into the forces and moments acting on the body 

throughout the gait cycle. 

The gait cycle is captured using a motion analysis system that records the positions and angles 

of individual body segments. To estimate joint reaction forces, the kinematic data are 

processed using musculoskeletal modeling and simulation software [42]. The Julius Wolff 

Institute at Charité – Universitätsmedizin Berlin provides a comprehensive database of joint 

reaction forces and moments [43].These data were collected from patients performing 

controlled movement tasks during laboratory studies under standardized conditions. 

Figure 10 A illustrates the characteristic double-peak pattern of the knee joint reaction force 

calculated using motion capturing and musculoskeletal modeling and simulation software [44]. 

As reported in the literature, the knee joint force typically reaches approximately three times 

the body weight [45]. Figure 10 A shows an axial knee joint force of three times bodyweight. In 

contrast, the remaining force components are significantly smaller in magnitude. The acting 

forces concerning anatomical axes are shown in Figure 10 B. 

 

Figure 10: A: Calculated knee joint force from motion capturing using musculoskeletal modeling and simulation 
software divided into anatomical axes to tibia component, B: Anatomical axes for tibial bone. Skeletal bone was 
modeled with Anybody™ (AnyBody™ Technology A/S Aalborg, Denmark). 
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During activities such as walking, forces generated through flexion and extension of the lower 

limb are transmitted to the major load-bearing bones, particularly the tibia and femur. Since 

bone adapts to mechanical loading, walking plays a critical role in the healing process [46]. It 

also offers a representative loading scenario that closely mirrors the mechanical demands 

experienced during everyday postoperative recovery. 

The gait cycle describes the time between two contacts of the same foot with the ground [47]. 

It is divided into two primary phases: the stance phase, which accounts for approximately 60 

% of the cycle, and the swing phase, which makes up the remaining 40 % [48]. Figure 11 

illustrates the gait cycle with its two main phases. The cycle begins at the moment of initial 

ground contact (0 %), a reference point used to assess normal gait patterns. In typical gait, the 

heel strikes the ground first. The cycle concludes when the same foot contacts the ground 

again, marking 100 % of the gait cycle. During this time, the opposite leg follows the same 

sequence, offset by half a cycle. It is particularly evident during the motion of the reference leg 

that the direction of the body vector changes throughout the gait cycle [47]. In summary, the 

body's center of mass shifts continuously, resulting in complex, multidirectional forces acting 

on the musculoskeletal system [49]. As a result, purely axial loading does not adequately 

capture the physiological loading conditions experienced during walking. 

 

 

Figure 11: Gait cycle as time between two contacts of the same foot with the ground (reference = yellow-colored 
leg). The other leg (transparent) follows in the same sequence, but is shifted by half a cycle. The change in direction 
of the body vector on the reference leg is also shown, thus illustrating the continuous mass shift during the forward 
movement. Skeletal bones were modeled with Anybody™ (AnyBody™ Technology A/S Aalborg, Denmark). 

3.3.3 Component Bone 

The mechanical characterization of bone tissue is a fundamental aspect of biomechanical 

research. Numerous studies in the literature have investigated the material properties of bone 

in detail, typically distinguishing between cortical and trabecular bone due to their distinct 

structural and mechanical characteristics [50], [51], [52]. Key metrics such as bone density and 

elastic modulus are commonly used to assess bone strength and structural integrity. 

The anisotropic nature of bone plays a crucial role in its mechanical behavior. In this context, 

anisotropy refers to the macroscopic behavior of bone, where mechanical properties depend 

on the direction of loading. For instance, the elastic modulus of the diaphysis in long bones 

ranges from approximately 17 GPa in the longitudinal direction to about 12 GPa in the 

transverse direction [53]. Moreover, structural differences between cortical and cancellous 
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bone lead to further variations in stiffness. In trabecular bone, the elastic modulus can range 

from 0.1 to 4.5 GPa, depending on bone density and the orientation of the trabeculae [54]. 

Preparing bone specimens for mechanical testing often involves the use of cadaveric material, 

either human or animal, and requires significant technical and logistical coordination. To 

perform standardized tests, samples must be machined into precise geometries, commonly 

cubes, cylinders, or tensile specimens, to ensure consistency across experiments [17], [52], 

[55]. This process demands meticulous handling and specialized equipment designed for 

working with biological tissue, which must be kept separate from other testing systems to 

maintain hygiene and avoid cross-contamination. 

The preservation technique used for cadaveric specimens plays a crucial role in maintaining 

the integrity of biomechanical test results. In practice, samples are typically either frozen or 

chemically fixed using solutions such as formalin, saline solutions, or nitrite-based curing 

solutions [22], [56], [57]. Studies have shown that preservation technique can significantly 

influence the mechanical properties of bone, with effects varying by species [50], [51]. For 

instance, formalin fixation has been reported to cause substantial changes in the mechanical 

behavior of human bone, whereas bovine bone appears relatively unaffected [51]. During 

testing, maintaining tissue hydration is also essential. Specimens are carefully moistened 

throughout the experiment to prevent drying, which can alter material properties and 

compromise the integrity of the results.  

Handling cadaveric specimens requires not only technical care but also an ethically grounded 

and respectful approach. Beyond logistical challenges such as storage and transport, strict 

adherence to safety regulations is essential to protect personnel and maintain proper lab 

protocols. 

As research on bone-implant systems evolves, there is growing recognition of the importance 

of a holistic perspective. While studies on isolated bone samples offer valuable mechanical 

insights, they fall short of capturing the complex, dynamic interaction between bone, implant, 

and physiological loading. Animal models have helped bridge this gap, but differences in 

anatomy and function limit their direct applicability to human clinical scenarios.  

Given these limitations, it is essential to critically evaluate each study's design and consider its 

relevance and translational value within a clinical context. 
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4. Application Biomechanical Study Design 
Building on the previously discussed requirements for biomechanical study design and the 

current understanding of mechanical factors relevant to bone healing, the following section 

introduces the experimental setups developed for this work. These designs were selected not 

only based on methodological criteria - such as validity, reproducibility, and clinical relevance 

- but also with close attention to key biomechanical and biological relationships described in 

the fracture healing literature. In particular, the relationship between IFM, implant stability, and 

the applied loading scenario - factors that are essential to the biomechanical understanding of 

bone-implant systems. A growing body of evidence shows that healing outcomes are 

influenced not only by implant design, but also by the direction and magnitude of the 

mechanical loads applied during the healing process. 

The objective of the studies presented in this work is to systematically investigate key 

biomechanical factors and assess their significance in the interaction between bone and 

implant. Particular emphasis is placed on measuring implant strain and IFM under defined 

loading conditions. The following studies form the experimental foundation for the publications 

included in this work. 

4.1 In Vitro Study 

The in vitro studies focus on the investigation of bone-implant systems composed of human 

cadaveric bones with induced fractures and corresponding treatments. Subsequent testing 

involves applying anatomically oriented and subject-specific loading scenarios to simulate 

physiologically relevant conditions. 

Experimental evaluation is performed using digital image correlation (DIC), a non-contact 

optical measurement technique that enables full-field measurement of displacements, strains, 

and deformations on the surface of a specimen [58]. In this case, an artificial speckle pattern 

is applied to the specimen surface to facilitate tracking. By utilizing a multi-camera system, 3D 

measurements can be obtained, providing full-field data with depth information. To calibrate 

the system, a checkerboard-patterned calibration plate is positioned within the field of view of 

all cameras. Each camera captures images of the plate, and the calibration points are 

automatically detected in each image. These image coordinates are then used to calculate the 

extrinsic parameters, the spatial position and orientation, of each camera relative to the setup 

(see Figure 12 A). The resulting parameters are stored in a calibration file, which is later used 

during 3D data processing and analysis. The cameras capture a series of images throughout 

the loading process. 

 

Figure 12: A: Calibration process using multiple cameras, B: Principle of pattern recognition shown on fracture 

gap displacements during maximal force application. 
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Image analysis is based on the principle of pattern recognition, specifically the correlation of 

speckle patterns across image frames. The initial image of the undeformed specimen serves 

as a reference, and subsequent frames are compared to this baseline to determine local shape 

changes and displacements. By tracking the evolution of the speckle pattern, the surface 

contour can be reconstructed, and displacement fields calculated (see Figure 12 B). 

Accordingly, surface strain can be determined by combining information on shape and 

displacement [59]. 

In the present studies the 3D-DIC software ISTRA4DTM (Dantec Dynamics, Skovlunde, 

Denmark) is applied for camera control, image acquisition and evaluation.  

Strain gauges: In addition to, or as an alternative to other measurement methods, strain 

gauges can be used to assess deformation. The location of the gauge determines the specific 

region of strain measurement and provides localized insight into mechanical behavior. 

The AO Foundation has developed a device known as the AO Fracture Monitor, designed to 

enable real-time, in vivo monitoring of fracture healing [60]. Measurement data are transmitted 

via Bluetooth to a smartphone and subsequently uploaded to a secure cloud-based platform 

for storage and further analysis (see Figure 13 A). The sensor is embedded within a compact 

housing that is affixed to the osteosynthesis plate, positioned directly above the fracture gap 

(see Figure 13 B). This approach enables continuous monitoring of the healing process close 

to the fracture gap. Additionally, real-time data recording allows for personalized 

recommendations, helping to actively support and improve patient recovery. Figure 13 C shows 

the sensor signal during a gait cycle measuring the relative change in strain. 

The AO Fracture Monitor has been used in vitro in parts of the experimental work of the present 

studies to define the correlation between surface strain of the implant and IFM (Paper 2). 

 

 

Figure 13: A: The AO Fracture Monitor system consists of a datalogger, an app on a smart phone for data collection 
and a cloud server for data storage, B: AO Fracture Monitor mounted on a plate osteosynthesis above the fracture 
gap, C: Fracture Monitor signal measuring relative change in strain during a gait cycle. 
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Following workflow was developed specifically for this study and has proven effective in 

addressing the research objectives: 

1. Preprocess: 

a. Specimen preparation: Cadaveric specimens from body donations were preserved 

using a nitrite pickling salt solution method following the protocol established by 

Weigner [61]. Following dissection, the bone was isolated and thoroughly cleaned 

of residual soft tissue (see Figure 14 A). A fracture consistent with the AO 

classification system was then induced, followed by fixation using a plate 

osteosynthesis (see Figure 14 B). 

 

b. CT scanning of the bone-implant system: To support FE modelling and establish a 

density-modulus relationship, the treated bone was scanned with a CT scanner 

(Somatom Definition AS64, Siemens Healthineers, Erlangen, Germany), including 

a six-rod bone density calibration phantom (QRM-BDC/6, QRM GmbH 

Moehrendorf, Germany) (see Figure 14 C). 

 

c. Pre-test setup and calibration: Prior to testing, a black-and-white speckle pattern is 

applied to the bone and implant surface to facilitate DIC (see Figure 14 D). The 

bone-implant system is then mounted in a custom-built testing device. A specialized 

clamping system is used to securely hold the specimen in place, conforming to the 

complex contours of the epiphyseal regions. When using a multi-camera DIC setup, 

system calibration is required. This process defines the stereoscopic configuration 

and generates a calibration file necessary for subsequent 3D analysis. 

 

 

Figure 14: A: Human tibia from body donation, B: Fractured and treated human tibia, C: CT-scan including bone 
density calibration phantom and 3D representation derived from CT scan, D: Speckled specimen with mounted AO 
Fracture Monitor on a plate osteosynthesis. 
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2. Mechanical testing: 

The experiment is conducted on a custom-designed and built testing device. A special 

clamping design was used to match the bone’s shape perfectly (see Figure 15 A). The 

system enables the application of direction-specific forces along all three translational 

axes. This allows a realistic replication of physiological loading conditions, such as 

those encountered during gait. Forces applied according to the anatomical axes (see 

Figure 15 C). Additionally, a camera system (see Figure 15 B) is directed at the region 

of interest (see Figure 16 A) and continuously records pattern changes during the 

experiment. Explanation of the testing device in detail see Paper 1. Figure 15 D shows 

the alignment of the tibia with anatomical axis during the experimental work. 

 

Figure 15: A: Clamped specimen in mold clamping system, B: Cameras investigating mechanical testing, C: Knee 
joint force with respect to anatomical axes showing on clamped specimen inserted into the testing device, D: 
Alignment with anatomical axis of the tibia during the experiment. Skeletal bone was modeled with Anybody™ 
(AnyBody™ Technology A/S Aalborg, Denmark). 

 

3. Postprocess: 

DIC measurements were processed to evaluate implant stability (strain on implant 

surface) and quantify IFM, providing insight into the mechanical behavior of the fixation 

construct under simulated physiological loading. The data were analyzed using ISTRA 

4DTM software (Dantec Dynamics, Skovlunde, Denmark) (see Figure 16 B).  

 

Figure 16: A: Region of interest (strain of the implant surface, interfragmentary movement (IFM)), B: Data analysis 

according to the region of interests (strain of the implant surface, interfragmentary movement (IFM)). 
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4.2 In Silico Study 

Bone is commonly modeled as a linear elastic and anisotropic material under physiological 

loading conditions [62]. The assumption of linear elasticity is valid for small strains typically 

observed during everyday activities such as walking.  

The segmented CT data of the bone serve as the basis for generating the geometric model. 

By incorporating a bone density calibration phantom during scanning, a subject-specific 

density-modulus relationship can be established (see Figure 17). To account for the 

inhomogeneity nature of bone, 25 material classes are defined, allowing each element to be 

assigned an appropriate elastic modulus based on its grayscale value [63] (see chapter 2.2 

Geometry and Mechanical Properties of Bone). This approach ensures an anatomically 

accurate and subject-specific representation of both; bone geometry and density. 

 

Figure 17: Creating computational model from CT scan including subject-specific material properties calculated with 
the help of a bone density calibration phantom. 

Material properties for the implant [64] and fracture [65] were chosen as homogenous 

parameters from literature. To apply physiologically realistic boundary conditions and loading - 

comparable to those used in experimental testing - nodes in the epiphyseal regions are 

grouped into node sets.  

Finally, the model is meshed using quadratic tetrahedral finite elements. Linear elastic 

assumptions were applied throughout the simulation. Geometry processing and material 

assignment are carried out using Simpleware™ (Synopsys, Mountain View, CA, USA).  

The FE simulations were done in AbaqusTM (Dassault Systemes, Velizy-Villacoublay, France). 

Before applying the joint forces and loads, the meshed bone model was aligned so that the 
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coordinate axes of the simulation corresponded to the anatomical axes from the experiment. 

This ensured that all load vectors were applied in the correct anatomical directions. The 

alignment of the bone is analogous to the experiment (see Figure 15 D). To replicate 

physiological loading conditions from the experiment, a force function is implemented within 

the simulation. Joint forces are applied according to their anatomical direction using force 

tables that divide the loading scenario into discrete steps (see Figure 18 B). Using the example 

of an tibial fracture, the x and y force components were applied on the knee side (proximal 

epiphysis) and the z direction was fixed. According to the experiment, the z-force component 

was applied to the distal epiphysis and the x- and y- components were blocked (see Figure 18 

A). This approach enables systematic iteration through a complete loading curve that 

represents an entire gait cycle. By modeling the loading conditions in this manner, the 

simulation provides a physiologically realistic representation of mechanical behavior, allowing 

for detailed analysis of IFM and implant loading. 

 

 

Figure 18: A: Force application to the node sets at the proximal epiphysis (z-component is fixed, force application 
to x- and y component) and at distal epiphysis (x-and y-component are fixed, force application to z component). 
The alignment of the bone is analogous to the experiment (see Figure 15 D), B: Force curves are divided into 
discrete steps according to anatomical axes (blue = x-component, pink = y-component, yellow = z-component). 

Postprocessing analysis includes investigating the implant’s behavior and the IFM. In order to 

validate the simulation results, the corresponding areas of interest were selected according to 

the experiment. 

By applying the load incrementally, the stress distribution within the implant and its effects on 

the fracture gap can be evaluated at every point throughout the gait cycle. Figure 19 A 

illustrates the analysis at the peak load during gait, showing both the stress distribution in the 

implant and the corresponding healing window within the fracture gap. 

Analyzing the IFM, points of the FE mesh were selected and their coordinates and 

displacements were determined. Upcoming strains were calculated from these data.  

To interpret the results, the fracture region is visualized using the healing window. Individual 

elements within the fracture zone are color-coded based on their local strain levels. Red areas 

indicate too much movement, while yellow regions suggest strain values that are maybe too 

much movement, both of which inhibit bone formation. 
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Similarly, light blue areas represent insufficient movement, and dark blue indicates a complete 

lack of mechanical stimulation (no movement). Only elements within the green range fall inside 

the “perfect healing window,” where mechanical conditions are optimal for bone regeneration 

(Paper 2). 

To validate the virtual analysis a correlation between experiment and simulation results were 

proven, concerning the applied knee joint force to the strain across the fracture (see Figure 19 

B). 

 

Figure 19: A: Data analysis showing implant stress distribution with fracture behavior using the healing-window 
classification for the maximum force peak during gait, B: Validation showing correlation between the measured knee 
joint force from the experiment and the computational data, concerning the applied knee joint force to the strain 

across the fracture gap (interfragmentary movement (IFM)). 
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5. Discussion 
The papers presented in this work aimed to investigate the mechanical behavior of bone-

implant systems under clinically relevant loading conditions. A standardized experimental 

(Paper 1) and computational workflow was established to evaluate biomechanical parameters 

critical to fracture healing, particularly implant stability and IFM. 

This workflow was subsequently applied to explore potential correlations between these 

parameters. A strong relationship was observed between implant surface strain and IFM in in 

vitro experiments. Moreover, the studies demonstrated that IFM can be predicted from uniaxial 

strain measurements obtained via the AO Fracture Monitor. These findings were further 

validated through in silico simulations, confirming the validity of the correlations across both 

experimental and computational domains (Paper 2). 

In further investigations, the performance of a novel implant concept, the biphasic plate, was 

evaluated. The analysis combined in vitro, in silico, and in vivo methods to assess the 

mechanical behavior of the bone-implant system under physiological loading. Experimental 

data were used to validate the computational models, which were then applied to patient-

specific scenarios, highlighting the translational relevance of the approach (Paper 3). 

The final paper focused on the impact of model complexity on computational outcomes (Paper 

4). As discussed in the preceding chapters, the predictive accuracy of in silico models is highly 

dependent on input parameters. This study systematically examined how varying levels of 

model detail affect mechanical predictions, emphasizing the importance of careful model 

definition, parameter selection, and validation to ensure meaningful simulation results. 

Translating biomechanical insights into clinical practice is essential for realizing the full 

potential of experimental and computational research. Mechanical parameters can only 

contribute meaningfully to patient outcomes if they are effectively integrated into real-world 

treatment scenarios. Moreover, biomechanical models offer the opportunity to link multiple 

simulation frameworks, enabling the development of more comprehensive and dynamic 

representations of physiological processes. 

This chapter examines various approaches for translating biomechanical research into clinical 

practice and related application areas. The content is organized along the continuum of the 

clinical care process: beginning with the preoperative phase, which includes preoperative 

simulations and treatment comparisons and the postoperative phase, which addresses healing 

assessment and revision risk prediction. 

5.1 Preoperative Phase 

In the early phase of surgical planning, biomechanical models can be used to support the 

targeted preparation of operative procedures. The generation of 3D representations of the 

fracture site enables clinicians to visualize the pathology prior to surgery and systematically 

evaluate different treatment options. 

Physical 3D-printed models provide a hands-on approach to surgical planning and contribute 

to more effective preoperative simulations. Studies have shown that the use of such models 

can significantly reduce operative time, blood loss, and the number of intraoperative 

fluoroscopic images required [66]. 

Additionally, implant and screw positions can be assessed preoperatively to evaluate their 

influence on the mechanical stability of the osteosynthesis [67]. These simulations play a 
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critical role in identifying potential risks, such as screw placement or regions of elevated stress, 

thereby enabling more precise and patient-specific surgical planning. 

Advanced models featuring interactive visualizations are already being used in procedures 

such as knee surgery. By incorporating motion data, these models enhance the understanding 

of biomechanical behavior during joint loading [68]. 

For medical trainees in particular, such models provide significant educational value. Based 

on patient-specific motion and imaging data, virtual reality-based training systems have been 

developed to simulate surgical procedures in a realistic environment. However, in the field of 

orthopedics, such simulation tools are still limited in availability [69], with the knee joint, 

especially in the context of arthroscopy, being the most extensively studied application to date 

[70]. 

The integration of patient-specific data enables individualized preoperative planning that 

accounts for anatomical variation and supports the selection of a tailored surgical strategy. 

Moreover, in patients with specific conditions, such as metastatic bone disease, biomechanical 

simulations can be used to predict fracture risk and identify likely fracture locations [71]. 

5.2 Postoperative Phase 

In the postoperative phase, a range of methods is available to support and monitor the healing 

process. Technologies such as motion capture systems and sensor-equipped insoles enable 

load-based simulations that can provide valuable insights into patient-specific recovery. These 

tools allow for the early identification of implant failure or the risk of nonunion, potentially 

preventing complications before they occur [72].  

Combining insights from in vitro and in silico studies with continuous patient monitoring opens 

new avenues for developing advanced therapeutic strategies [73]. This integrative approach 

also supports the formulation of personalized recommendations tailored to an individual’s 

healing trajectory [42]. These recommendations can take supportive and precautionary forms, 

encouraging beneficial behaviors. Possible statements could then be as follows: “Gradual 

weight-bearing from week three promotes bone healing,” or warning against high-risk actions 

like “Early full weight-bearing increases the risk of nonunion by 25 %.” 

Beyond individualized predictions, FE simulations also offer broader clinical insights. For 

instance, recent findings indicate that stabilization of fibular fractures is recommended when 

an associated tibial fracture is present at the same level [74]. 

5.3 Further Biomechanical Applications 

Beyond direct clinical translation, experimental and computational methods offer substantial 

potential for broader applications in research and development. A key area of use is in the 

design and optimization of novel orthopedic implants. In the early stages of development, 

simulations can be used to evaluate a wide range of geometries and materials - long before 

investing in expensive prototypes or launching preclinical studies. 

For example, consider the development of a next-generation plate osteosynthesis system 

made from a semi-rigid material. This design aims to address limitations of traditional plates 

by reducing stress shielding and lowering the risk of delayed healing. By exploring such 

concepts through simulation, researchers can gain critical insights into implant performance 

early in the design process [75].  

Modular modeling approaches allow for the flexible replacement of individual components - 

such as implants, screws, fracture types, and stages of healing - to analyze a range of 

treatment strategies. 
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The insights gained from these simulations are essential for the design of next-generation 

smart implants, which are expected to incorporate sensor and actuator technologies to actively 

support the healing process. In silico and in vitro studies play a central role in identifying the 

key parameters required for such systems [76]. They also help define important thresholds, 

e.g. the displacement needed to generate a mechanical stimulus capable of promoting bone 

regeneration [77]. 

Expanding biomechanical models beyond the bone-implant system - by incorporating soft 

tissue structures or muscle activity - offers the potential for more physiologically accurate 

representations of complex mechanical interactions within the musculoskeletal system. To 

enable the flexible integration of such models, standardized frameworks for data exchange are 

essential. Given that many models are based on patient-specific imaging data, it is first 

necessary to clarify whether sharing these datasets is feasible from a technical and data 

privacy standpoint. Furthermore, the appropriate format and level of detail required for model 

exchange must be defined. 

Different types of models can be categorized based on their intended application but generally 

include core components such as geometry, FE meshes, material properties, and 

precomputed field variables such as displacement, stress, or strain. 

To extend these models, appropriate loading scenarios must be defined and solved using high-

performance computing platforms (e.g., Abaqus™). This approach allows individual models to 

be expanded and integrated, enabling the simulation of more comprehensive and complex 

biomechanical systems [78]. 

These examples underscore the importance of validating in silico results against existing 

literature or experimental data. Robust validation is essential to ensure that the findings are 

not only theoretically sound but also applicable in practice. This is especially relevant in 

translational contexts, where biomechanical models inform clinical decision-making, 

therapeutic planning, or the design of osteosynthesis systems. 

The broad range of potential applications highlights reinforces the fact that the credibility of 

simulation-based approaches depends directly on their transparency and validity. Aligning 

simulations with experimental or clinical data is not only a means of quality control. It is 

essential for building trust in biomechanically informed models as a complementary tool in 

orthopedic and trauma care. 
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6. Limitation and Outlook 
The preceding chapters established the foundational knowledge required to contextualize the 

individual studies presented in this work. Following an overview of fundamental biomechanical 

principles - including anatomical terminology, bone geometry and structure, fracture 

classifications, and treatment modalities - the mechanical aspects of fracture healing were 

examined in detail. Particular emphasis was placed on two key parameters: implant stability 

and IFM. Both are critical to the mechanical environment influencing bone regeneration. 

The chapter on biomechanical study design addressed important criteria for conducting robust 

investigations. These include the definition of appropriate and quantifiable outcome measures, 

as well as the reliability, validity, and clinical relevance of the chosen methodology. 

In addition, the specific requirements for computational modeling of medical devices were 

outlined, encompassing aspects such as model generation, constitutive laws, boundary 

conditions, and validation strategies. 

Methodological considerations also included a comparison of experimental approaches (in 

vivo, in vitro, and in silico) highlighting their respective advantages and limitations. Central to 

all approaches is the definition of physiologically relevant loading conditions, which must reflect 

the clinical scenario under investigation and align with the study’s objectives. 

Building on this foundation, the specific study design applied across the included investigations 

was introduced and justified in the context of the overall research framework. 

Despite the realistic representation of biomechanical conditions, this study is subject to 

methodological and system-related limitations that must be considered when interpreting the 

results.  

One notable limitation of the presented studies concerns the relatively small size of the study 

populations. This aspect becomes particularly relevant when investigating individualized 

scenarios, where patient-specific geometries, loading conditions, or implant configurations can 

strongly influence the biomechanical outcome. As a result, it becomes challenging to derive 

broadly generalizable conclusions from single-case or low-sample-size analyses. 

Nevertheless, when multiple datasets are available - especially for similar fracture types or 

comparable clinical configurations - it is possible to identify consistent patterns or trends. These 

recurring findings may not allow for definitive generalization but provide valuable insights into 

typical biomechanical behaviors and can guide further hypothesis-driven research or clinical 

decision-making. 

Moreover, such experimentally observed trends can be further substantiated through in silico 

studies, which allow for the systematic evaluation of larger virtual cohorts. By varying input 

parameters across a wider range of conditions, computational-based studies offer the 

opportunity to assess the validity of observed effects and to explore their sensitivity under 

controlled physiologically relevant scenarios. 

In summary, cadaveric in vitro models remain one of the most realistic approaches for 

investigating the mechanical behavior of bone-implant systems. They allow for controlled, 

reproducible testing under conditions that closely approximate the anatomical reality. In the 

present studies, the absence of soft tissue enabled the application of digital image correlation 

techniques; however, it also led to limitations in structural stability that soft tissues would 

otherwise provide. 
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These models are well suited for focused mechanical investigations. They can be used to 

simulate specific healing trajectories by applying scaffolds with varying material properties. 

However, they inherently lack biological components. Critical factors like soft tissue 

interactions, dynamic muscle activity, and the physiological progression of healing are not 

represented, limiting the extent to which these models can replicate in vivo conditions. As a 

result, findings from in vitro studies must be interpreted with caution, particularly when used to 

validate computational models that incorporate biologically active elements. 

Additional limitations stem from the boundary conditions used in this study. Applied loads - 

such as knee joint forces - were derived from motion capture data and scaled to match the 

body weight of the body donor. While this approach provides physiologically relevant loading 

conditions, the resulting loads are still approximations and may not fully reflect the individual 

biomechanics of each donor. 

Small variations may also result from the clamping process. The irregular geometry of human 

bone presents greater challenges compared to standardized industrial samples. To address 

this, custom clamping blocks composed of multiple adjustable pins were used to conform as 

closely as possible to the bone’s surface. Even so, proper bone alignment is critical to ensure 

that force components are applied along the correct anatomical axes. 

When using long plate osteosynthesis constructs, care must be taken to prevent direct contact 

between the implant and the loading fixtures. Such contact can introduce artifacts and lead to 

inaccuracies in stiffness measurements. 

Nevertheless, meaningful insights into key biomechanical parameters can be gained through 

this workflow, provided that the research question is clearly defined. 

To date, experimental investigations of bone-implant systems have been limited to load 

applications along the three anatomical axes. As a result, the current three-axes test setup 

restricts the evaluation to normal and shear forces. 

A next-generation testing device is currently in development and will enable motion along six 

degrees of freedom (three translational and three rotational axes). This advancement will allow 

for more comprehensive analyses based on complex loading conditions derived from motion 

capture data. With six independently actuated axes, it will be possible to expand beyond 

previous load scenarios to include the effects of torsional and bending moments on bone-

implant systems. 

The addition of three rotational axes enables the experimental investigation of upper limb 

motion patterns. While fracture healing in the lower extremity is often assessed using gait 

analysis, the progression of healing in upper extremity fractures is more closely linked to 

specific joint movements. 

In the case of radius fractures, extension and flexion or pronation and supination are commonly 

cited as key functional motions. Supination refers to the outward rotation of the forearm, turning 

the thumb laterally, whereas pronation describes the opposite motion, in which the thumb 

rotates medially. 

These kinematic patterns play a critical role during the healing phases of radius fractures. As 

such, biomechanical simulations should aim to replicate these motions accurately and be 

validated through experimental studies wherever possible. 
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7. Conclusion 
In conclusion, a clearly defined research question combined with physiologically relevant 

loading conditions enables realistic experimental investigations and meaningful simulation of 

bone-implant systems. The integrated use of in vivo, in vitro, and in silico approaches allows 

for the formulation of validated and transferable findings. This interdisciplinary framework not 

only strengthens the scientific rigor of biomechanical studies but also facilitates the translation 

of insights across study types. Ultimately, such an approach holds the potential to contribute 

to more informed treatment strategies and to support long-term improvements in patient 

outcomes. 
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