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Kurzdarstellung

In dieser kumulativen Dissertation wurden in vier Verdffentlichungen experimentelle und
rechnerische Ansatze eingesetzt, um Knochen-Implantat-Systeme unter physiologischen
Bedingungen zu untersuchen. Das Ubergeordnete Ziel dieser Arbeit war es, das Verstandnis
der mechanischen Einflisse 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 zusatzlich mdglich war, eine Korrelation zwischen
interfragmentarer Bewegung und Implantatstabilitdt herzustellen. Darlber 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 Veroéffentlichungen zu einem umfassenderen Verstandnis des
biomechanischen Verhaltens von Knochen-Implantat-Systemen bei. Sie zeigen, wie integrierte
experimentelle und rechnerische Methoden eingesetzt werden kdénnen, um die
Leistungsfahigkeit von Implantaten zu untersuchen, Simulationen zu validieren und klinische
Entscheidungen zu unterstutzen. Die entwickelten Arbeitsablaufe bieten eine solide Grundlage
fur zuklnftige Forschungsarbeiten und besitzen das Potenzial, zu einem verbesserten
Implantatdesign, einer patientenspezifischen Behandlungsplanung und letztlich zu besseren
Ergebnissen in der Frakturheilung beizutragen.



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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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).

viii



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].

132,445 cases

Radius

217,593 cases

120,867 cases

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].



1. Introduction

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].
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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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1. Introduction

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.

Simulation
Development

Bone-
Implant
Syste

Validation

Specimen Clinical Material + Load Experiment Simulation Results
preparation image mesh case

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).



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]:

Longitudinal axis (vertical axis, divides the body into front and back),
Transverse axis (horizontal axis, divides the body into upper and lower parts),
Sagittal axis (vertical axis, divides the body into left and right),

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

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

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

A B

o O O O O O

Lateral

Proximal

Distal

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.

A Trabecular bone B
)| Proximal epiphysis
B Metaphysis
Diaphysis
Cortical bone\ § \ | Metaphysis
) | Distal epiphysis

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. Amathematical 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.

Bone with calibration phantom .| CT scan .| Computational model
(HA) b T (HY) "| (segmented bone + rods)
7y

v
Equivalent mineral density

v
Ash density @

!

Apparent density %‘

!

Modulus

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 fur 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.

Fracture Type: 2R3A2 (AO Classification)
T Simple
Distal end segment
Radius

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).

Healing
Indirect Direct
I 1 1 stability
| I |
Too unstable .Perfect” unstable Absolutely stable Too stable
/\ v v
Insufficient Insufficient Callus formation Osteonecrosis
blood fracture
circulation fixation \ 4
Revascularization
+
Calcification
Callus decomposition
Y
Bony structure
A Y y A A
Nonunion / complications Union Nonunion

Figure 8: Healing process in dependence of stability showing that different stability modes resulting in different
healing outcomes (e.q. 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

8
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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].



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.

10



3. Biomechanical Study Design

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.

11
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Figure 9 summarizes the various approaches with their advantages and disadvantages.
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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).

12
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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 — Universitatsmedizin 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.
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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.
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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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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.
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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 ISTRA4D™ (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).
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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.
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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
4D™ software (Dantec Dynamics, Skovlunde, Denmark) (see Figure 16 B).
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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.
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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 Abaqus™ (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.
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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).
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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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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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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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Abstract

Background

Enhancing bone healing requires identifying the factors that hinder the process. Once these factors
are known, strategies can be developed to minimize disruptions and promote optimal bone recovery.
Investigating the fracture site under realistic loading scenarios is essential for understanding and
optimizing the healing process.

Methods

A testing device was developed and built to realistically simulate different loading scenarios on the
human tibia. For this purpose, the treated tibia was clamped and subjected to scaled knee joint forces
representative of a forward step. Implant stability and interfragmentary movement were assessed
using force sensors and a camera system. A computed tomography scan, including a six-rod calibration
phantom for bone density, was performed on the treated tibia to run a subject-specific biomechanical
finite element simulation.

Findings

Forces and moments acting on the tibia during the gait cycle were determined using complementary
measurement techniques. The biomechanical simulations were validated against the experimental
data, allowing further analysis of micromovements within the fracture gap. This approach provides a
basis for future patient-specific predictions during the healing process.

Interpretation

By understanding how individual knee joint forces affect implant stability and interfragmentary
movement, this knowledge can be leveraged to improve bone healing outcomes.

Keywords:

distal tibia fracture, gait simulation, subject-specific finite element analysis, personalized
osteosynthesis, implant stability, interfragmentary movement, experimental biomechanics, human
cadaveric specimen



Introduction

Tibial fractures are among the most frequent and challenging orthopedic injuries, often associated
with complications and an increased risk of non-union or pseudoarthrosis (Tian et al., 2020). The tibia,
as a major weight-bearing bone, is critical for mobility and structural integrity. However, impaired
healing of tibial fractures remains a significant clinical problem, with approximately 10% of all long
bone fractures failing to heal properly (Einhorn & Gerstenfeld, 2015). Such cases frequently require
prolonged treatment and sometimes revision surgery, underscoring the need for improved treatment
strategies.

Fracture healing involves both biological and mechanical aspects. Modern implants address these
factors through advances in implant design and surgical technique. More recently, personalized
implants, tailored to the individual anatomy, aim to support fracture healing by actively interacting
with the processes of fracture healing (Safali et al., 2023; Ganse et al., 2022; Roland et al., 2024). This
approach to fracture care requires the integration of knowledge and methods from biomechanics,
orthopedic trauma surgery, fracture biology, and computational modeling.

Biomechanical simulation of bone-implant systems and fracture healing allows for faster and more
cost-effective predictions compared with clinical trials (Roland et al., 2023). Simulation technologies
are well established in other industries, such as automotive and aerospace, where they are integral to
product development and testing (Luan, 2024). Similarly, finite element (FE) simulations have a
longstanding role in medical research (Sun et al., 2023). However, simulations must be grounded in
experimental data to ensure validity. Only with experimentally derived material properties and
boundary conditions can the mechanical behavior of bones and bone-implant systems be reliably
simulated.

From a mechanical perspective, implant stability is central (Coray et al., 2016). Fracture healing
depends on the strain-state of the callus: optimal strain promotes healing, whereas excessive or
insufficient strain delays or prevents consolidation (Claes, 2017). Implant design must therefore
account for these thresholds, which influence both implant longevity and the local micromechanical
environment within the fracture gap.

Several experimental testing devices have been developed to investigate these factors, ranging from
simple wear tests (Walker et al., 1996) to complex joint simulators (Henke et al., 2024). Testing
modalities such as axial compression, bending, and torsion are commonly used to approximate
physiological loading conditions on bone specimens (Turner & Burr, 1993). Advances in testing
technology including servo-hydraulic machines and custom fixtures, have improved the ability to
replicate in vivo mechanics (Sharir et al., 2008). Imaging methods such as digital image correlation
(DIC) provide further insight into bone deformation and failure mechanisms (Bay et al., 1999).
However, many manufacturer-driven tests remain limited to standardized protocols, which often fail
to represent the complex and dynamic loading scenarios of daily activities such as walking or
rehabilitation.

Physiological bone healing is supported by axial displacements, while torsional movements can disturb
or even prevent union (Park & Augat, 2004). To address these limitations, we developed a testing
device capable of applying force-driven scenarios that replicate the loading conditions of a gait cycle.
The device enables the systematic investigation of bone-implant systems and interfragmentary
movement (IFM), regardless of fracture type or osteosynthesis technique. Ultimately, this approach



provides a framework for experimentally validated simulations and the exploration of physiologically
relevant implant behavior during routine activities.

Methods

Study Model

Tibial fractures were selected as the model system for developing and validating the testing device
(Figure 1 C), as they represent one of the most challenging fracture types, often associated with
complications and pseudoarthrosis (Tian et al., 2020).

Loading Scenario: Gait Cycle

The loading scenario was based on the gait cycle, defined as the interval between two successive
ground contacts of the same foot. It consists of two main phases: stance phase (touchdown, rolling,
and toe-off) and swing phase (acceleration, mid-swing, and deceleration) (see Figure 3E).

During gait, displacement of the body’s center of gravity produces multidimensional loading on the
tibia (Gotz-Neumann, 2006). The internal loading thus consists of both forces and moments (Wehner
et al., 2009); consequently, pure axial testing alone is insufficient. The device architecture was
therefore designed to apply not only axial forces during ground contact but also the changes in all
three force components across the gait phases.

In clinical practice, patients often use crutches during rehabilitation, which alters the load distribution
by reducing weight transfer through the injured leg (Rasouli & Reed, 2020). This modifies the
mechanical environment at the fracture site. To replicate different rehabilitation conditions, the device
control software allowed adjustment of the applied forces, simulating both full and partial weight-
bearing scenarios.

Loading data was obtained from the Orthoload database, which includes in vivo forces measured in
patients with instrumented implants (Orthoload database, 2025). According to these data, axial load
on the tibial plateau during normal walking reaches approximately three times body weight (Steele et
al., 2012; Wehner et al., 2009). Radial forces, though smaller (approximately 0.2 times body weight),
are also relevant and were included. For partial weight-bearing with crutches, the applied loads were
scaled according to donor or patient weight and literature data (Eickhoff et al., 2022; Merkle et al.,
2023). Figure 1 A shows one representative step from the eight-step input file, with force components
plotted along body axes (see Figure 1 B).

Testing Device Components

Force Application

The input file from Orthoload provides data on knee joint forces corresponding to the body axes:
transverse (x), sagittal (y), and longitudinal (z). These forces are applied to the respective body axes on
the clamped bone using linear motors (ESR Pollmeier GmbH, Ober-Ramstadt, Germany). The
longitudinal force application (linear motor axis with primary part of F=1900/4000N and a stroke of
252mm) is directed at the distal end segment of the tibia (see Figure 1C, label a), while the transverse
and sagittal force applications (linear motor axis with primary part of F=1000/2000N and a stroke of
60mm) on the tibial plateau are achieved through a cross-table mechanism (see Figure 1C, label e).
The use of linear motors ensures precise force transmission and allows tight control and adjustment
of forces. For the simulation a body donor weighing 90 kg was considered. This results in axial forces
of approximately 2,700 N and radial forces of about 200 N to accurately simulate tibial loading.



Clamping System

Secure fixation was achieved using an adaptable pin-based clamping system (Silver Clamp X-Clamp,
MATRIX GmbH, Ostfildern, Germany), which conforms to complex freeform geometries such as the
proximal tibia. This design allows stable fixation with minimal clamping force (Figure 1C, label c).

Sensors

Six-axis force and moment sensors (K6D80, ME-MeRsysteme GmbH, Henningsdorf, Germany) with
corresponding measuring amplifiers (GSV-8DS, ME-MeRsysteme GmbH, Henningsdorf, Germany) were
positioned near the clamping points (Figure 1C, labels b). Sensor redundancy permitted cross-
validation of measurements, ensuring robustness.

Monitoring of interfragmentary motion
The experiment evaluation primarily uses the DIC (Istra4D V4.10, Dantec Dynamics, Skovlunde,

Denmark) method (Palanca et al., 2016) which is a camera-based, non-contact measurement approach
that allows precise quantification of deformations and movements of objects through image analysis.
The images prior to and after deformation, i.e. loading of the bone, are compared. Initially, reference
and target images are captured. By dividing these images into small regions of interest (subsets), pixel
correlation was computed. Based on these correlations’ displacements and strains in the respective
regions of interest are computed. Therefore, four cameras (AV Manta G-507B, Stemmer Imaging,
Puchheim, Germany) with DIC related lenses (COMPUTAR M1224-MPW2, Stemmer Imaging,
Puchheim, Germany) are strategically positioned around the specimen via articulated arms (Magic
Arm, Manfrotto, Cassola, Italy). The field of view of each pair of cameras is combined, enabling three-
dimensional image correlation. In this configuration, two cameras are directed toward one side,
capturing the fracture gap and its fixation, while the other two cameras focus on the opposite side of
the fracture gap facilitating the measurement of a substantial part of the fracture while observing the
implant throughout the gait cycle.

Experimental Workflow

A cadaveric human tibia (female donor, age 74 years, weight 82 kg, no skeletal disease or knee
arthroplasty) was used. The cadaveric specimen used in this study was acquired as tibial plateau to toe
tip — left by Science Care (Science Care, Phoenix AZ, US) after successful and verified tissue request
process as part of the German Federal Ministry of Science, Technology and Space, BMFTR, (former
German Federal Ministry of Science and Education, BMBF) funded project “lIP-Extrem” (FKZ:
13GW0124). All matters related to body donation (e.g. a statement confirming that informed consent
was obtained from the donar and/or their legal guardian(s) or next of kin) are fully managed by Science
Care. The specimen was shipped to and stored at the Institute of Forensic Medicine, Saarland
University Hospital, which also performed the on-site cremation after the experiments were
completed. The study was conducted in accordance with the local legislation and institutional
requirements. Currently, the workflow of this study is approved by the Saarland Medical Board
(Saarldndische Arztekammer, Kennzeichen 195/24). The workflow included five steps:

i) Fracture Generation
A distal tibia fracture (AO/OTA 43-A1) was induced using a custom device applying combined axial

preload and torsion. Detailed device description and fracture data are provided in the Supplementary
Material (see Figure 5 and Figure 6).

ii) Patient-specific implant design and treatment:
The tibia fracture was reduced and fixed using a subject-specific implant tailored to both the geometry
of the fracture and the anatomy of the tibia, allowing for an optimal anatomical adaptation and



mechanical stability. The design of the implant and its manufacturing process as well as the treatment
process are provided in the Supplementary Material.

iii) Data acquisition for 3D model generation

After reduction and fixation of the fracture a computed tomography (CT) scan (Somatom Definition
AS64, Siemens Healthineers, Erlangen, Germany), including a six-rod bone density calibration phantom
(QRM-BDC/®, six rods, QRM GmbH, Mohrendorf, Germany), was acquired. The specimen was placed
longitudinally on the CT gantry with the phantom underneath. The scanner settings were: tube voltage:
120 kVp, tube current: 95 mA, collimation of 64 x 0.6 mm and a pitch factor of 0.8. Postprocessing
included reconstruction of axial slices with a slice thickness of 3 mm (increment of 2 mm) and 0.6 mm
(increment of 0.4 mm) applying a bone reconstruction kernel (B70s) and a soft tissue reconstruction
kernel (B31s) respectively.

iv) Specimen preparation and experimental execution
To facilitate the evaluation via DIC, the specimen was covered with a speckle pattern of white and then

black paint spray (see Figure 2A). Knee joint forces equivalent of partial weight bearing, according to
the donor's body weight, were then applied to the bone-implant system.

v) Evaluation of IFM and implant surface strain
DIC was used to determine surface displacements and subsequent strains. The use of the multi-camera

system enabled a 3D DIC evaluation. Through the initial calibration of the four cameras, the
information for the stereoscopic setup, like orientation, was determined. The DIC results were then
merged with the data from the force sensors and the specified force curves, as given by the testing
device, for combined analysis.

Simulation

Computational model of the bone-implant system relies on the segmentation of the image stack from
the CT scan (see Figure 4A), as described previously described (Braun et al. (2021), Orth et al. (2023),
Wickert et al. (2024)). Bone density values were determined by correlating the densitometric
relationships with the segmented bone with the segmented masks of the calibration phantom. Then
histograms of grayscale values versus voxel counts were generated, with curve maxima serving as
reference points for mapping CT data in Hounsfield Units (HU) to equivalent mineral density values.
These values are then used to calculate ash density (Eberle et al., 2013) and apparent density (Edwards
et al., 2013). Material parameters are calculated using the density-modulus relationship (Rho et al.,
1995), resulting in 25 material classes with HU-based boundaries (Cattaneo et al.,, 2001), while
homogeneous material parameters for the implant and fracture gap (Claes & Heigele, 1999) were
implemented in the model as given in the literature. The exact material parameters for the implant
used in this study are a company secret but are within the range of values found in the literature (Imam
& Fraker, 1996; Froes & Qian, 2018).

A finite element mesh was generated for the Abaqus environment (Dassault Systemes, Velizy-
Villacoublay, France) using quadratic tetrahedral elements (C3D10). The model was aligned to correctly
apply force values along the corresponding axes, and boundary conditions were applied analogously
to the experimental setup. Knee joint forces from the second forward step of the input dataset were
applied along their respective axes. Axial forces were applied to the tibia specimen via the longitudinal
movement, while transverse and sagittal forces were applied to the tibial plateau with longitudinal
movement restricted. To minimize computational complexity while maintaining accuracy, only force
values from a single forward step were applied. Simulated results were compared to experimental data
by comparing the simulation step with the mean of eight experimental steps.



Results

Experimental Results

The specimen was subjected to 30% of the knee joint forces associated with a forward step,
representing partial weight bearing. Figure 2A shows the selected points within the fracture gap and
on the implant surface, including start and end points. Total displacement across the fracture gap and
bone-implant system as a whole, measured at the time of peak axial force during the first step, is
shown relative to the reference image obtained before loading.

Temporal changes in line length across the fracture are illustrated in Figure 2B. Line 1 runs parallel to
the longitudinal bone axis, while Line 2 crosses the gap transversely to assess displacement. Tracking
both lines during the experiment revealed greater variation in Line 2, which can be attributed to the
substantial longitudinal force applied. Consequently, the transversely oriented fracture exhibited
greater movement compared with the parallel orientation. Minimal length changes were observed on
the implant surface due to its higher stiffness (Figure 2C). These results highlight the influence of
fracture orientation relative to the longitudinal axis. The experiment simulated the postoperative
condition with an empty fracture gap, ensuring that no additional mechanical confounders were
present. Furthermore, the characteristic double-peaked curves of the input data, corresponding to the
eight steps, were clearly visible.

Simulation Results

Experimental data were used to validate the simulation by comparing surface strains and IFM results
with simulation outcomes. In addition, von Mises stress of the implant was analyzed as a measure of
fixation stability.

Figure 3 compares experimental and simulation results. Strains within the fracture gap were assessed
at two positions: (A) fracture parallel to the longitudinal axis and (B) transverse to the gap. Implant
surface strain is shown in (C). The eight experimental steps were averaged into a mean representative
step, with shaded areas indicating one standard deviation. All three graphs display strain as a function
of the gait cycle. Another finding from the simulation is the implant's stability under load during a
forward step. Figure 4B illustrates the von Mises stress distribution on the implant, reaching 140 MPa
at the point of maximum force application.



Discussion

Successful fracture healing depends on the balanced interplay between the biological and mechanical
microenvironment within the fracture gap. The extent of IFM permitted by an osteosynthesis defines
the mechanical environment, specifically, the magnitude of strain to which osteocytes are subjected
during weight bearing. Routine clinical imaging techniques, which are central to postoperative
evaluation and follow-up, do not provide systematic access to the fracture gap itself. Given the fact
that loading patterns of the fracture gap must fit a narrow corridor to sustainably support fracture
healing (Claes et al., 1998), an understanding of loading dynamics is essential to understand the
biological and mechanical validity of an osteosynthesis, i.e. a bone implant system. However, most
existing testing systems rely on cyclic monoaxial loading, thereby neglecting torsional and shear forces
that are integral to physiologic loading.

To address this gap, we developed and validated a testing device capable of applying dynamic,
multidimensional loading to a bone-implant system, combined with specimen-specific FE analysis. The
testing device integrates linear modules along the x-, y-, and z-axes with a cross-table mechanism,
thereby enabling simulation of everyday activities such as walking or stair climbing. While uniaxial
experiments are useful for assessing stability and failure thresholds, they cannot capture IFM under
physiological conditions. By contrast, this device places emphasis on the clinically relevant interface,
i.e., the fracture gap.

Importantly, the device also enables validation of FE simulations. Nonetheless, careful alignment of
regions of interest is essential when comparing simulations to experimental data, as discrepancies may
arise from differences in node selection or measurement points. In addition, although the simulation
closely replicates experimental conditions, the fracture gap was assigned a material property in the
model, whereas in the experiment the gap remained “empty,” reflecting the immediate postoperative
state. Another challenge lies in replicating clamping conditions: the specimen was aligned with respect
to the axes for force application, but translation of these constraints into the model by selecting
corresponding nodes and applying boundary conditions is necessarily approximate and does not
exactly match real-world conditions.

A limitation of this study is that a generic gait curve was applied. Although human gait curves are
broadly similar, they are not identical, and thus the applied curve may not perfectly match the donor
specimen. To minimize this bias, input data were scaled to the donor’s body weight. The close
agreement between experimental and simulation results, even with this limitation, supports the
validity of the approach (see Figure 3 A-D).

Another source of potential bias is that experiment, simulation, and evaluation were performed by the
same research team. Future studies should consider methodological separation of these steps, as
proposed by Trabelsi and colleagues (Trabelsi et al., 2011), to strengthen reproducibility.

Gait and partial weight bearing are inherently three-dimensional processes. The testing device
presented here decomposes these processes into their mechanical components and enables
controlled application in the time domain. This ensures that magnitude, direction, and timing of
loading remain consistent with physiological conditions. In this study, exemplified by a 30% body
weight partial-weight-bearing step.

The complex loading curve observed during weight bearing in both longitudinal and orthogonal
directions translated into a square-wave, like strain pattern in the fracture gap. Both longitudinal and
orthogonal IFM exhibited this configuration, with strain magnitudes differing by two orders of
magnitude. As expected, strains parallel to the loading axis were higher than those measured



orthogonal to the gap. In addition, strain measured across the implant surface closely mirrored the
gait cycle loading pattern, particularly during the stance phase (see Figure 3 E).

Taken together, these results demonstrate that the device allows for differentiated, real-time analysis
of strain distributions across the fracture gap. Since strain magnitude and pattern are known to
influence cellular gene expression and the osteogenic potential of stromal cells, the presented setup
provides a powerful link between the micro-scale (cellular behavior) and the macro-scale (implant
mechanics) of fracture healing.

Conclusion

This study presents a workflow for experimental research using human cadaveric specimens to
investigate bone—implant systems. Beyond validating finite element simulations, the overarching aim
is to apply the insights gained to improve fracture healing. By inducing fractures in donated human
tibiae, stabilizing them with osteosynthesis, and testing them under realistic and individualized loading
scenarios, this approach enables new investigations into implant stability and interfragmentary
movement.

The workflow demonstrates the potential to optimize conventional testing methods and provide
deeper insights into the biomechanics of fracture healing. Further refinement is needed to better align
gait curves with both the testing device and the in silico simulations, which is expected to improve the
accuracy of computational predictions. Future studies will focus on different fracture types and their
implications for treatment strategies and healing outcomes (Wickert et al., 2024).



Data availability

The original contributions presented in the study are included in the article/ supplementary material;
further inquiries can be directed to the corresponding author.

Funding

This work was funded by the German Federal Ministry of Research, Technology and Space (BMFTR),
previously German Federal Ministry Education and Research (BMBF) under the grant “FKZ:
13GW0124”.

Author Contributions

KW Methodology, Formal Analysis, Investigation, Visualization, Writing — Original Draft, Writing —
Review and Editing

AA Writing — Review and Editing

MR Formal Analysis, Investigation, Supervision, Funding acquisition, Visualization, Writing — Original
Draft, Writing — Review and Editing

RL Resources, Writing — Original Draft, Writing — Review and Editing

DK Data curation, Visualization, Writing — Review and Editing

FF Data curation, Visualization, Writing — Review and Editing

FR Conceptualization, Resources, Writing — Review and Editing

SD Conceptualization, Supervision, Funding acquisition, Writing — Review and Editing

TT Conceptualization, Resources, Supervision, Funding acquisition, Writing — Original Draft, Writing —

Review and Editing

Competing interests

The author RL is an employee of KLS Martin SE & Co. KG, and therefore, he has received/will receive
benefits for personal or professional use from KLS Martin SE & Co. KG related directly or indirectly to
the subject of this manuscript.

Ethics Statement

The cadaveric specimen used in this study was acquired as tibial plateau to toe tip — left by Science
Care (Science Care, Phoenix AZ, US) after successful and verified tissue request process as part of the
German Federal Ministry of Science, Technology and Space, BMFTR, (former German Federal Ministry
of Science and Education, BMBF) funded project “lIP-Extrem” (FKZ: 13GW0124). All matters related to
body donation (e.g. a statement confirming that informed consent was obtained from the donar
and/or their legal guardian(s) or next of kin) are fully managed by Science Care. The specimen was
shipped to and stored at the Institute of Forensic Medicine, Saarland University Hospital, which also
performed the on-site cremation after the experiments were completed. The study was conducted in



accordance with the local legislation and institutional requirements. Currently, the workflow of this
study is approved by the Saarland Medical Board (Saarldandische Arztekammer, Kennzeichen 195/24).



References

Bay, B.K., Smith, T.S., Fyhrie, D.P. & Saad, M. (1999) Digital volume correlation: Three-dimensional
strain  mapping using X-ray tomography. Experimental Mechanics 39: 217-226. Doi:
10.1007/BF02323555

Bergmann, G., Bender, A., Dymke, J., Duda, G. & Damm, P. (2014) Standardized loads acting in knee
implants. PLoS One 9(1), 1. Doi: 10.1371/journal.pone.0086035

Braun, B.J., Orth, M., Diebels, S., Wickert, K., Andres, A., Gawlitza, J., Blicker, A., Pohlemann, T., &
Roland, M. (2021) Individualized Determination of the Mechanical Fracture Environment After Tibial
Exchange Nailing - A Simulation-Based Feasibility Study. Frontiers in Surgery 8: 1-9. Doi:
10.3389/fsurg.2021.749209

Cattaneo, P.M., Dalstra, M., & Frich, L.H. (2001) A three-dimensional finite element model from
computed tomography data: A semi-automated method. Proceedings of the Institution of Mechanical
Engineers, Part H: Journal of Engineering in Medicine 215(2): 203-213. Doi:
10.1243/0954411011533760

Claes, L. E. et al. Effects of mechanical factors on the fracture healing process. Clin. Orthop. Relat.
Res. 355 (Suppl.), S132-S147 (1998).

Claes, L.E., & Heigele, C.A. (1999) Magnitudes of local stress and strain along bony surfaces predict the
course and type of fracture healing. Journal of Biomechanics 32(3): 255-266. Doi: 10.1016/50021-
9290(98)00153-5

Claes, L. Mechanobiologie der Frakturheilung Teil 2. Unfallchirurg 120, 23-31 (2017).
https://doi.org/10.1007/s00113-016-0281-2

Coray, R., Zeltner, M., & Ozcan, M. (2016) Fracture strength of implant abutments after fatigue testing:
A systematic review and a meta-analysis. Journal of the Mechanical Behavior of Biomedical Materials,
62, 333-346. https://doi.org/10.1016/j.jmbbm.2016.05.011

Eberle, S., Gottlinger, M., & Augat, P. (2013) An investigation to determine if a single validated density-
elasticity relationship can be used for subject specific finite element analyses of human long bones.
Medical Engineering and Physics 35(7): 875-883. Doi: 10.1016/j.medengphy.2012.08.022

Edwards, W.B., Schnitzer, T.J., & Troy, K.L. (2013) Torsional stiffness and strength of the proximal tibia
are better predicted by finite element models than DXA or QCT. Journal of Biomechanics, 46(10): 1655-
1662. Doi: 10.1016/j.jbiomech.2013.04.016

Eickhoff, A.M., Cintean, R., Fiedler, C. Gebhard, F., Schiitze, K. & Richter, P.H. (2022) Analysis of partial
weight bearing after surgical treatment in patients with injuries of the lower extremity. Archives of
Orthopaedic and Trauma Surgery 142: 77-81. Doi: 10.1007/s00402-020-03588-z

Einhorn, T.A., & Gerstenfeld, L.C. (2015) Fracture healing: Mechanisms and interventions. Nature
Reviews Rheumatology 11(1): 45-54. Doi: 10.1038/nrrheum.2014.164

Froes, F.H. & Qian, M. (2018) Titanium in medical and dental applications. Woodhead Publishing Doi:
1016/ C2016-0-03591-X.



Ganse, B., Orth, M., Roland, M., Diebels, S., Motzki, P., Seelecke, S., Kirsch, S.M., Welsch, F., Andres,
A., Wickert, K., Braun, B.J. & Pohlemann T. (2022) Concepts and Clinical Aspects of Active Implants for
the Treatment of Bone Fractures. Acta Biomaterialia 146:1-9. Doi: 10.1016/j.actbio.2022.05.001

Gotz-Neumann, K. (2006) Gehen verstehen Ganganalyse in der Physiotherapie. Georg Thieme Verlag.

Henke, P., Ruehrmund, L., Bader, R. & Kebbach, M. (2024) Exploration of the Advanced VIVOTM Joint
Simulator: An In-Depth Analysis of Opportunities and Limitations Demonstrated by the Artificial Knee
Joint. Bioengineering 11(2):178. Doi: 10.3390/bioengineering11020178.

Imam, M.A. & Fraker, A.C. (1996) Titanium alloys as implant materials. In: Brown S., Lemons J., Editors.
Medical Applications of Titanium and Its Alloys: The Material and Biological Issues. West Conshohicken,
PA: ASTM International, 3-16.

Luan, T. (2024) A Comprehensive Review of Simulation Technology: Development, Methods,
Applications, Challenges and Future Trends. International Journal of Emerging Technologies and
Advanced Applications 1:9-14. Doi: 10.62677/IJETAA.2405119.

Merkle, T.P., Hofmann, N., Knop, C. & Da Silva, T. (2023) Can elderly individuals perform partial weight
bearing on their lower limbs? A prospective cohort study using ambulatory real-time biofeedback.
Journal of Orthopaedic Surgery and Research 18(1):324. Doi: 10.1186/s13018-023-03807-4

Orth, M., Ganse, B., Andres, A., Wickert, K., Warmerdam, E., Miller, M., Diebels, S., Roland, M., &
Pohlemann, T. (2023) Simulation-based prediction of bone healing and treatment recommendations
for lower leg fractures: Effects of motion, weight-bearing and fibular mechanics. Frontiers in
Bioengineering and Biotechnology 11. Doi: 10.3389/fbioe.2023.1067845

Orthoload database. (2025) Input data testing device. Retrieved August 27, 2025, from
https://orthoload.com/database/?implantld=1322&activityld=1521&activitylndentationLevel=1&par
ameterld=1&parameterindentationLevel=-

1&patientld=k8I&fileld=k8|_191211_1 107p&fileType=t&selectBox=file

Palanca, M., Tozzi, G., & Cristofolini, L. (2015) The use of digital image correlation in the biomechanical
area: a review. International Biomechanics 3(1): 1-21. Doi: 10.1080/23335432.2015.1117395

Park, S.H., & Augat, P. (2004) Shear movement at the fracture site delays healing in a diaphyseal
fracture model. Journal of Orthopaedic Research 22(5): 1156-1157. Doi: 10.1016/j.orthres.2004.02.003

Rasouli, F. & Reed, K.B. (2020) Walking assistance using crutches: A state of the art review. Journal of
Biomechanics 98:109489. Doi: 10.1016/j.jbiomech.2019.109489.

Rho, J.Y., Hobatho, M.C., & Ashman, R.B. (1995) Relations of mechanical properties to density and CT
numbers in human bone. Medical Engineering and Physics 17(5): 347-355. Doi: 10.1016/1350-
4533(95)97314-F

Roland, M., Diebels, S., Orth, M. et al. Reappraisal of clinical trauma trials: the critical impact of
anthropometric parameters on fracture gap micro-mechanics—observations from a simulation-based
study. Sci Rep 13, 20450 (2023). https://doi.org/10.1038/s41598-023-47910-2

Roland, M., Diebels, S., Wickert, K., Pohlemann, T. & Ganse, B. (2024) Finite element simulations of
smart fracture plates capable of cyclic shortening and lengthening: which stroke for which fracture?
Frontiers in Bioengineering and Biotechnology 12:1420047. Doi: 10.3389/fbioe.2024.1420047.



Safali, S., Berk, T., Makelov, B., Acar, M.A., Gueorguiev, B., & Pape, H.C. (2023) The Possibilities of
Personalized 3D Printed Implants - A Case Series Study. Medicina (Lithuania) 59(2): 1-12. Doi:
10.3390/medicina59020249

Sharir, A., Barak, M.M. & Shahar, R. (2008) Whole bone mechanics and mechanical testing. The
Veterinary Journal 177(1):8-17. Doi: 10.1016/j.tvjl.2007.09.012.

Steele, K.M., De Mers, M.S., Schwartz, M.H., & Delp, S.L. (2012) Compressive tibiofemoral force during
crouch gait. Gait and Posture 35(4): 556-560. Doi: 10.1016/j.gaitpost.2011.11.023

Sun, T., He, X. & Li, Z. (2023) Digital twin in healthcare: Recent updates and challenges. Digital Health
9:1-13. Doi: 10.1177/20552076221149651.

Tian, R., Zheng, F., Zhao, W., Zhang, Y., Yuan, J., Zhang, B., & Li, L. (2020) Prevalence and influencing
factors of nonunion in patients with tibial fracture: Systematic review and meta-analysis. Journal of
Orthopaedic Surgery and Research 15:377 Doi: 10.1186/s13018-020-01904-2

Trabelsi, N., Yosibash, Z., Wutte, C., Augat, P. & Eberle, S. (2011) Patient-specific finite element analysis
of the human femur--a double-blinded biomechanical validation. Journal of Biomechanics 44(9):1666-
1672. Doi: 10.1016/j.jbiomech.2011.03.024

Turner, C.H. & Burr, D.B. (1993) Basic biomechanical measurements of bone: a tutorial. Bone.
14(4):595-608. Doi: 10.1016/8756-3282(93)90081-k.

Walker, P.S., Blunn, G.W. & Lilley, P.A. (1996) Wear testing of materials and surfaces for total knee
replacement. Journal of Biomedical Materials Research 33:159-175. Doi: 10.1002/(SICI)1097-
4636(199623)33:3<159::AID-JBM6>3.0.CO;2-P

Wehner, T., Claes, L., & Simon, U. (2009) Internal loads in the human tibia during gait. Clinical
Biomechanics 24(3): 299-302. Doi: 10.1016/j.clinbiomech.2008.12.007

Wickert, K., Roland, M., Andres, A., Diebels, S., Ganse, B., Kerner, D., Frenzel, F., Tschernig, T., Ernst,
M., Windolf, M., Miiller, M., Pohlemann, T., & Orth, M. (2024) Experimental and virtual testing of bone-
implant systems equipped with the AO Fracture Monitor with regard to interfragmentary movement.
Frontiers in Bioengineering and Biotechnology, 12. Doi: 10.3389/fbioe.2024.1370837



Figures
A B

One step - section from input data scaled to donor’s body weight

0 At/_
Z -500
@
S
S -1000
o]
s
< -1500 -
-2000 —Force X
—Force Y
Force Z
-2500
0 10 20 30 40 50 60 70 80 90 100
Gait cycle [%]

Figure 1: A: Knee joint forces relative to the body axes during a forward step serve as the input dataset
for the test scenario, B: Arrows mark the individual axes (x, y and z) of the knee joint force curves from
A using the tibia as an example, C: Testing device with tibia (d), clamped in special clamping system (c).
Forces applied over carve insertion: horizontally (a) and vertically (e) and measuring sensors (b).
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Figure 2: A: DIC image including fracture and implant, B: change of line length for lines crossing the
fracture (see a) Linel and Line2), C: change of line length crossing implant surface (see a) line implant).
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Figure 4: A Computational model as input for the FE-Simulation consists of tibia, fracture and implant,
B: Von Mises Stress at maximum knee joint force during a step forward.



Supplementary Material

In-vitro fracture generation

The fracture generation was performed with human cadaveric specimens of the lower limb via an in-
vitro experiment. To enable a correct grip of the clamping system, the soft tissue envelope at the ankle
and the knee was removed.

The testing device is shown in Figure 5 and the fracture generation works as follows: (1) the specimen
is clamped into the testing device via a flexible clamping system for complex geometries (Silver Clamp
X-Clamp, MATRIX GmbH, Ostfildern, Germany), (2) in a preprocessing step, the angle a can be set in
the range from 0° to about 45° degrees by positioning of the machine vises of the clamping system.
The maximum adjustable value is related to the length of the specimen. Here the value was set to 0°
in the experiment. (3) An axial loading can be applied on the side of the knee onto the tibial plateau
with respect to a user chosen loading function. In this study, a linear loading function representing the
body weight of the donor in combination with the forces acting on a knee during different activities
was applied. According to the force values from the OrtholLoad database which includes in-vivo
measurements of orthopedic implants in different clinical settings, cf. (Bergmann et al. 2014), a
maximum force of 3260N was chosen to represent an injury caused by a high-energy event. All
occurring forces and momentums are continuously measured with the two 6-axis sensors (K6D80, ME-
MeRsysteme GmbH, Henningsdorf, Germany) and are plotted in Figure 6.

A stepper motor realizing an axial loading up to 5 kN to a specimen applies the loading function via a
bellow coupling (Wittenstein alpha GmbH, Igersheim, Germany) and a precision ball screw spindle
drive (Eisenmann und Hommes GmbH, Remscheid, Germany). With respect to the pre-set angle from
step two, additional moments occur here, which place an additional load bearing on the specimen.
After applying this preload scenario, (4) the specimen is rotated at the distal end by a second stepping
motor with integrated control of the same type (KOCO Motion MDrive Plus? Motion Control, KOCO
MOTION GmbH, Dauchingen, Germany). Here, the stepper motor is connected with a low-backlash
planetary gearbox (Wittenstein alpha GmbH, Igersheim, Germany) and combined with a claw coupling
to provide the motor with the necessary forward motion. This combination of a given preload with a
rotation of the distal end of the tibia guarantees a complex distal fracture morphology, which would
suggest the use of a personalized implant in clinical practice.
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Figure 5: Schematic representation of the fracture generation experiment. Computer assisted design
(CAD) illustration of the testing device (right) with the essential parts and components. Photographic
representation of a specimen during the experiment with sketched load and rotation axes (left). The
fracture zone at the distal end of the tibia is marked in red.
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Figure 6: Result of the fracture generation process. Force values over time with respect to the x-, y- and
z-axis (left) and the corresponding momentum values over time (right). Here, the positive x-axis
represents the anterior direction, the positive y-axis represents the lateral direction and the positive z-
axis points into the axial direction of the tibia.



Implant Design and manufacturing

A tibia treatment using a patient-specific bone plate was not yet a standard indication at KLS Martin at
the time the experiment was conducted. However, it was developed, simulated, and manufactured
using the same planning and design routines that are typically standardized for patient-specific
forearm treatments and mandibular reconstructions.

Established materials, suitable bone screws with locking threads, and their standardized
manufacturing processes were used. This included a titanium alloy Ti-6Al-4V, selective laser melting
(SLM) with milled threads for the individualized bone plate, and conventionally machined screws.

The experience gained in the IPS (Individual Patient Solution) field was purposefully applied to ensure
that the plate-screw combination tested on the specimen corresponds to a real medical treatment
scenario.
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Introduction: The management of fractured bones is a key domain within
orthopedic trauma surgery, with the prevention of delayed healing and non-
unions forming a core challenge. This study evaluates the efficacy of the AO
Fracture Monitor in conjunction with biomechanical simulations to better
understand the local mechanics of fracture gaps, which is crucial for
comprehending mechanotransduction, a key factor in bone healing. Through
a series of experiments and corresponding simulations, the study tests four
hypotheses to determine the relationship between physical measurements
and the predictive power of biomechanical models.

Methods: Employing the AO Fracture Monitor and Digital Image Correlation
techniques, the study demonstrates a significant correlation between the surface
strain of implants and interfragmentary movements. This provides a foundation
for utilizing one-dimensional AO Fracture Monitor measurements to predict
three-dimensional fracture behavior, thereby linking mechanical loading with
fracture gap dynamics. Moreover, the research establishes that finite element
simulations of bone-implant systems can be effectively validated using
experimental data, underpinning the accuracy of simulations in replicating
physical behaviors.

Results and Discussion: The findings endorse the combined use of monitoring
technologies and simulations to infer the local mechanical conditions at the
fracture site, offering a potential leap in personalized therapy for bone healing.
Clinically, this approach can enhance treatment outcomes by refining the
assessment precision in trauma trials, fostering the early detection of healing
disturbances, and guiding improvements in future implant design. Ultimately, this
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study paves the way for more sophisticated patient monitoring and tailored

interventions,
trauma surgery.
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promising to elevate the standard of care
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experimental biomechanics, biomechanical simulation, bone healing, orthopedic trauma
surgery, osteosynthesis, smart implant, patient monitoring

1 Introduction

The treatment of tibial and fibular fractures has seen significant
experimental and clinical progress in recent years. However, the
rates of delayed bone healing and non-union remain high, posing a
substantial challenge to healthcare systems globally (Zura et al,,
20165 Dailey et al., 2018). Fractures are a common occurrence in
any society, affecting individuals regardless of age, social, or
societal status. The majority of these fractures require surgical
intervention for stabilization, a practice that has dramatically
improved healing outcomes and functional restoration over the
past 6 decades (Tzioupis and Giannoudis, 2007; Calori and
Giannoudis, 2011).

Despite these advancements, complications such as infection,
delayed healing, and non-union can frequently compromise the
expected results, leading to increased treatment time, numbers
of surgical interventions, and healthcare costs (Augat et al.,
2005). The World Health Organization (WHO) identifies
trauma as a “major healthcare epidemic,” contributing to 16%
of the global disease burden. This is due, in part, to the high
complication rates up to 10% (Fong et al., 2013) associated with
fractures, particularly those of the tibia at the diaphyseal
segment (Harris and Lyons, 2005), which are among the most
common lower extremity fractures generating high treatment
costs in case of non-unions (Dahabreh et al., 2007; Antonova
et al., 2013).

The stability of the osteosynthesis plays a crucial role in the
healing process. It directly influences interfragmentary movement
(IFM), the relative motion between bone fragments (Claes, 2017).
Understanding the mechanisms underlying the effects of IFM on
fracture healing is of paramount importance in enhancing the
treatment and management of fractures, ultimately leading to
improved clinical outcomes. The AO Foundation has developed a
medical device to record the relative loading of an implant that can
be attached to a plate used to treat fractures (Windolf et al., 2022).
Their goal is to enable clinical studies in human patients with
continuous biomechanical recordings at the fracture site, as well
as to improve clinical practice by offering live feedback on the
healing progress.

The primary aim of the present study was to establish a link
between the 1D continuous measurement signal from the AO
Fracture Monitor and the 3D outcome of the corresponding
biomechanical simulation regarding the local fracture mechanics
within the bone-implant system. To investigate this, the following
four hypotheses and methodological aims were formulated:

(1) Digital Image Correlation (DIC) outcomes and the IFM

correlate in experiments on cadaveric bone-implant

systems conducted in a specialized testing device.
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(2) From the data recorded by the AO Fracture Monitor, it is
possible to predict the DIC results for the IFM, connecting the
implant loading with the fracture gap behavior.

(3) The quality of simulation results can be assessed using the
IFM DIC data.

(4) A linear model can be determined for conversion of AO
Fracture Monitor data to simulated IFM, transitioning from
1D to 3D.

2 Materials and methods

2.1 Specimen preparation, surgical
procedure and imaging

The cadaveric specimens (n = 3) came from body donations
and were fixed with a nitrite pickling salt solution (Janczyk et al.,
2011). The specimens were obtained from a male donor (left and
right tibia), age of death 56 years, and from a female donor (left
tibia), age of death 81 years. The cadaveric tibiae were used to
induce osteotomies in the diaphyseal area of the bones. The
osteotomies were performed using a regular clinical saw with a
thickness of 0.9 mm (Colibri II, DePuy Synthes, Norderstedt,
Germany) and were shaped as transverse fractures equivalent to a
fracture type 42-A3 according to the AO classification (Miiller
et al,, 1990). The osteotomized bones were then anatomically
reduced and stabilized by limited contact-dynamic compression
plates (LC-DCP) 4.5/5.0 mm (DePuy Synthes). The resulting gap
size was measured between 0.0-0.9mm in the area of the
osteotomy. During osteosynthesis, the plates were first fixated
to the bones using cortical screws to induce the dynamic
compression (DC) effect according to AO principles (Buckley
et al,, 2018). Further plate fixations were performed by locking
screws. The prepared specimen from the female donor is
exemplified in Figure 1C. The three specimens are named as
follows throughout this manuscript: 2131, (male donor, left
tibia), 2131, (male donor, right tibia) and 2139, (female
donor, left tibia).

The geometric models for the biomechanical FE simulations
are based on computed tomography (CT) scans conducted from
each of the specimens, including a six-rod bone density calibration
phantom (QRM-BDC/6, QRM GmbH Moehrendorf, Germany).
All bone-implant systems were scanned with a commercially
available CT scanner (Somatom Definition AS64, Siemens
Healthineers, Erlangen, Germany). The bone-implant systems
were placed longitudinally on the CT table with the phantom
being positioned under it. Spiral CT acquisitions were performed
using the following specifications: tube voltage: 120 kVp, tube
current: 95 mA, collimation of 64 x 0.6 mm and a pitch factor
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FIGURE 1

Illustration of the experimental setup. (A) Computer-aided design representation of the testing device. The three arrows show the direction of
movement of the linear modules. (B) Photo of a specimen clamped in the testing device before the start of an experiment. (C) Photo of the specimen
2139; as exemplary image of the treated tibiae. (D) Plot of the original data from the Orthoload TM database representing the scalable input parameters for

the testing device

of 0.8. Further postprocessing included reconstruction of axial
slices with a slice thickness of 3 mm (increment of 2 mm) and
0.6 mm (increment of 0.4 mm) applying a bone reconstruction
kernel (B70s) and a soft tissue reconstruction kernel (B31s)
respectively.

The AO Fracture Monitor is an active implantable medical
device for continuous monitoring of bone fracture healing (Ernst
et al., 2021a; Ernst et al., 2021b; Windolf et al.,, 2022). The AO
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Fracture Monitor will be attached to conventional bone plates
(DePuy Synthes) via two adjacent empty screw holes on the
fracture bridging plate segment. A strain gauge measures relative
loading of the bone plate. The data are accessed via a Bluetooth
connection with the accompanying Smartphone application at a
sampling rate of 10 Hz. In normal use, the data are internally
processed into relevant metrics and stored on the AO Fracture
Monitor. Recorded data are transmitted automatically via Bluetooth
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to the patient’s smartphone once a day and accessible to the
physician via a web application. During the experiments
presented here, the data were also recorded at 10 Hz, but were
not processed internally, but transferred directly via Bluetooth and
smartphone for further downstream analysis.

Before performing the experiments, the AO Fracture Monitor
was applied right above the fracture in each of the three specimens.
For this purpose, two inserts were attached to the implant with a
torque of 4 Nm. The AO Fracture Monitor was fixed in each case to
the inserts with two screws (tightening torque 1.5 Nm). Typical
placements of the AO Fracture Monitor are illustrated in
Figures 1B, C.

For the evaluation of the experiments via DIC, it was necessary
to apply a speckle pattern to the specimens. A white spray paint was
used to create an even surface. Then a black spray paint was used to
create an artificial speckle pattern. To achieve better results and
reduce disturbing influences, red light filters were used for the
cameras and the specimens were illuminated with red light,
cf. Figure 1B.

2.2 Mechanical testing device and
testing protocol

All experiments were performed using a specially designed
testing device. The operational scope of this testing device is to
precisely simulate different loading scenarios of treated human
tibiae during walking, with the goal to enhance the comprehension
of the interplay between bone and implant. To implement the
requirements addressed here in the testing device, forces were
applied longitudinally (in the z-direction) and transversely (in the
x- and y-directions) to the bone axis using linear modules, as
illustrated in Figure 1A. The maximum possible force applied
along the bone axis is limited to 5 kN and the maximum possible
stroke is set to 235mm. Transverse force application is
accomplished using two linear modules, responsible for bone
displacement in the x- and vy-directions, with maximum
possible forces limited to 2 kN and maximum possible strokes
to 60 mm. The specimens were held in place using an individual
flexible mold clamping system, consisting of multiple pins that
conformed perfectly to the complex shape of the bone (Silver
Clamp X-Clamp, MATRIX GmbH, Ostfildern, Germany). The
tibial plateau was secured in the lower clamp, pointed upwards,
while the distal epiphysis was clamped to the upper clamp. This
type of clamping facilitates the force application with regard to the
selected linear modules and their control and regulation
technology.

To guarantee the authenticity of the loading scenarios, input
parameters from Orthoload™ were used, specifically the dataset
from subject k81 _191,211_1_107p (male participant with a body
weight of 755.0 N), which exemplifies knee forces during walking on
a treadmill for eight steps (Orthoload database, 2023). Each
specimen was subjected to two tests, one at full weight bearing
representing a normal step forward, and another test at 50% of the
forces representing a partial weight bearing scenario. Figure 1D
shows the original data from the Orthoload database, which, scaled
according to the specifications, were used as input parameters for the
testing device.
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Throughout the experiments, the testing device mapped the
forces from the eight steps of the input file onto the donor bones
with a machine velocity of also 10 Hz. During the experiments, a
(K6D80, ME-Mef3systeme GmbH,
Henningsdorf, Germany) was affixed to each mold clamping

six-axis force sensor
system for real-time monitoring of the forces exerted. This
setup verified the application of force data from the scaled
Orthoload™ file at a 10 Hz frequency.

For further experimental analysis, the recording was executed
using a two-camera system calibrated for subsequent three-
dimensional DIC, with real-time synchronization ensured by a
trigger box (DAQhw-Triggereinheit, LIMESS Messtechnik und
Software GmbH, Krefeld, Germany) linked to the CompactRIO
(C-RIO, National Instruments, Austin, United States). This setup
captured the dynamics of the implant surface, the AO Fracture
Monitor, and the fracture gap, facilitating a comprehensive optical
evaluation. Strain comparisons on the implant and AO Fracture
Monitor surfaces, as well as the IFM, were analyzed using the
ISTRA 4D 4.4.4.694 software (Dantec Dynamics, Skovlunde,
Denmark). The in DIC is 1 per
thousand (0.001).

standard deviation

2.3 Simulation workflow

The geometric models used in this study are based on CT
imaging. The dicom image stacks of the treated tibiae including
the six-rod bone density calibration phantom were segmented
into different masks (bone, implant, fracture, single rods) with
an adaptive threshold procedure, supplemented by a
morphological close filter with isotropic values, an island
removal, a cavity fill, and a mask smoothing with a recursive
Gaussian filter with anisotropic values resulting in a high
segmentation quality without detectable The
segmentation procedure as well as the following meshing

problems.

strategy were performed in the image processing and model
generation software Simpleware™ ScanIP (Synopsys, Mountain
View, CA, United States). The material parameters of the
osteosynthesis (Young’s Modulus: 108,000 MPa, Poisson ratio:
0.375, standard values for medical titanium alloys) (Imam and
Fraker, 1996) and the fracture gap (Young’s Modulus: 3 MPa,
Poisson ratio: 0.4, values for initial connective tissue in fracture
healing) (Claes and Heigele, 1999) were chosen from literature
as homogeneous parameters.

The material properties of the three tibiae were carefully
characterized and calibrated with respect to the data given by the
calibration phantom. A four-step procedure was performed to
transfer the grayscale values in Hounsfield units (HU) from the
CT images to local bone properties. (1) A densitometric relationship
defining a mapping to convert raw CT attenuation to bone mineral
density (BMD) values was defined for each tibia. Therefore,
histograms were generated for each rod of the calibration
phantom, reflecting the corresponding grayscale values relative to
their voxel count. These histogram curves were then smoothed using
a robust local regression method. Curve maxima were used as
calibration points for a least square fit, which defines the
required mapping of CT data in HU to equivalent mineral
density values. (2) In the second step, the ash density values were
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(A-C) Illustration of the computational models of the three different treated tibiae. (D) Plot of the bone mineral density of the two specimens 2131,
and 2139, with respect to the apparent density and the corresponding number of CT voxels.

calculated from the equivalent mineral density values via the  density values with the conversion formula given in (Edwards et al.,
relationship for hydroxyapatite phantoms from (Eberle et al,  2013).(4) The last step was the mapping to the material parameters
2013). (3) These values were then used to calculate the apparent  via the density-modulus relationship introduced in (Rho et al., 1995).
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TABLE 1 Number of mesh cells (quadratic tetrahedral elements of Abaqus
type C3D10 with straight edges) per segmented mask.

Specimen
2131, 2131, 2139,
Segmented mask Implant 179,125 201,067 149,101
Fracture 56,895 87,649 71,855
Bone, all material cards =~ 964,391 = 1,088,442 = 657,814

In accordance with the work of (Cattaneo et al., 2001), a total of
25 different bone material cards were defined and stored in the
computational meshes. All these computations were performed in
Matlab (Matlab 2021b; MathWorks, MA United States). After the
material assignment, the areas close to the joints (foot and knee) were
also marked in the ScanIP software during the meshing in order
to be able to apply the boundary conditions correctly in the
simulation environment and thus be able to represent the
clamping in the testing device realistically in the simulations.
Figures 2A-C shows the generated computational models of the
three specimens.

For the meshing strategy, quadratic tetrahedral finite
elements of C3D10 type, characterized by straight edges,
were chosen and the meshes were adaptively refined with
respect to the implants and fracture areas resulting in
numbers of mesh cells given in Table 1. All biomechanical
FE simulations were performed in the finite element analysis
and computer-aided engineering software suite Abaqus
(Dassault Systemes, Velizy-Villacoublay, France). Once the
three models were imported into Abaqus, the initial step was
to align the bone-implant systems properly. The reference for
alignment was established using the coordinate system provided
by Orthoload™. To mimic the experimental conditions, the
second forward step was simulated with careful consideration
of the boundary conditions. The boundary conditions were
implemented to
setup. Specifically, the x- and y-components of the knee joint
force were applied to the tibial plateau, while the z-component

accurately replicate the experimental

remained fixed. At the distal end, the z-component of the knee
joint force was applied, while the components in the x- and
y-directions were constrained. The simulation proceeded by
systematically iterating through all the force values until all
the force components of the forward step were effectively
accounted for and simulated. This approach ensured a
comprehensive analysis of the biomechanical response during
the simulated step forward. By meticulously replicating the
experimental conditions and considering the appropriate
boundary conditions, the simulations provided a valuable
opportunity to gain insights into the behavior and response
of the bone-implant systems under different loading conditions
representing full and partial weight bearing.

2.4 Statistical analyses and data processing

For hypothesis 1, we conducted Pearson correlation analyses to
assess the relationship between the DIC measurements of the I[FM
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and the implant across all eight experimental steps. Furthermore, we
derived mean curves from the collective dataset and adjust these
curves at the baseline of zero. Subsequently, we employed linear
regression analysis to examine the predictive relationship, treating
the implant data as independent variable and the IFM data as the
dependent variable.

For hypothesis 2, we conducted a comparative analysis of
the data from the AO Fracture Monitor and the corresponding
IFM data from the DIC evaluation. The raw data from the eight
steps were initially processed to compute their mean curves.
This entailed averaging the values across all eight steps at each
point in time, providing a representative trend for the collective
behavior observed during the experiments. To ensure a
common basis for comparison, the mean curves were
interpolated across a standardized set of time points,
facilitating an accurate correlation and regression analysis
between the datasets. The interpolated mean curves were
then adjusted to the origin to negate any initial offset and
align the starting points of both datasets. Linear regression
models were employed to predict the IFM values based on
the AO Fracture Monitor data, utilizing the adjusted mean
curves. The model’s performances were quantified using the
mean squared error (MSE) and the coefficient of determination
(R?), with a high R* value indicating a strong predictive
capability of the model.

In order to investigate hypothesis 3 and thus to compare the
simulation results with the experiments conducted, the following
procedure was executed: (1) the displacement data, computed using
the DIC analysis software ISTRA 4D, were saved alongside the initial or
base lengths of the evaluation lines (refer to Figures 3-5). (2) Both the
image data and the DIC results derived from them were calibrated in a
manner similar to the AO Fracture Monitor results, considering the
beginning of the experiment. (3) The length changes at each time point
were computed and compared to the base lengths to ascertain the
strains throughout the experiment’s duration. (4) Analogous to the lines
chosen in the DIC analysis, points were selected on the FE mesh
surfaces, and both their coordinates and corresponding displacements
were recorded. (5) The saved coordinates were utilized to establish the
base lengths of the lines on the FE meshes. The associated displacements
were then employed to calculate the changes in length and subsequently
the strains. This process provided IFM curves from the simulations,
which served as a virtual equivalent to the experimentally obtained
IFM curves.

For the comparison of results, mean value curves were calculated
from the experimental IFM curves over all eight steps and these were
compared with the virtual IFM curves obtained from the simulation.
For this purpose, the experimental IFM curves were interpolated to
the same time points, since the simulations were performed with a
slightly higher time resolution of the forward step than the DIC
evaluation. Thereafter, the Euclidean distance and the MSE between
the simulated and experimental curves were calculated for all
experiments, as well as the Pearson correlation coefficient between
the data of the curves.

To explore hypothesis 4, which postulates a correlation of the 1D
signal from the AO Fracture Monitor and the simulated 3D local
micro-mechanics within the fracture gap, a systematic approach was
undertaken. The methodology entailed the computation of the stress
and strain tensors at each integration point followed by averaging
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(A) Illustration of the DIC analysis for a line virtually placed on the implant for specimen 2131,. The color bar shows the displacement in axial direction
with a minimum value of —0.2230 mm and a maximum value of —0.1880 mm. (B) The plotted curve shows the change of the line length over the

experiment

over every mesh cell. Subsequent to this, pertinent strain metrics
such as octahedral shear strain and hydrostatic strain were derived,
which are essential for the following 3D evaluation of the healing
window, cf. (Claes and Heigele, 1999; Shefelbine et al., 2005).
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Furthermore, to facilitate a comparative analysis with the AO
Fracture monitor’s 1D output, the strain energy density was also
computed. The strain energy density describes the amount of strain
energy stored in a material per unit volume due to deformation and
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FIGURE 4

(A) Illustration of the DIC analysis for a line virtually placed on the Fracture Monitor for specimen 2131;. The color bar shows the displacement in axial
direction with a minimum value of -0.1876 mm and a maximum value of 0.1810 mm. (B) The plotted curve shows the change of the line length over the
experiment

is a comparative measure offering benefits for analyzing bone-  acts as a unified metric that effectively captures multi-axial strain
implant systems. It simplifies complex data from 3D simulations states. Statistical values, including sum, mean, median, maximum,
into a scalar value without losing crucial information and therefore  interquartile range (IQR) and 90th percentile (90th PRC) of the
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FIGURE 5

(A) Illustration of the DIC analysis for four lines virtually placed across the fracture gap for specimen 2131;. The color bar shows the displacement in
axial direction with a minimum value of —0.1930 mm and a maximum value of —0.1680 mm. (B) The plotted curves show the change of the line lengths
over the experiment for the line near to implant and the line far from implant

strain energy density, were computed across the fracture gap. These ~ experiments. In addition, linear regressions were computed to
measures were then cross-correlated with the AO Fracture  predict the statistical values of the strain energy density from the
Monitor’s mean value curves from the corresponding  AO Fracture Monitor mean curves.
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TABLE 2 Correlation coefficients from a Pearson test for the DIC data evaluated for the implant and for the IFM. All correlations are significant at the
0.01 level.

Specimen
2131, 2131, 2139,
Full weight Partial weight Full weight Partial weight Partial weight
bearing bearing bearing bearing bearing
1 0.9899 0.9989 0.9592 0.9989 0.9980
2 0.9839 0.9902 0.9348 0.8887 0.8986
3 0.9948 0.9505 0.8548 0.9993 0.9965
4 0.9845 0.9995 0.9243 0.9996 0.9965
5 0.9918 0.9991 0.8548 0.9995 0.9969
6 0.9911 0.9991 0.8719 0.9997 0.9967
7 0.9835 0.9995 0.8932 0.9997 0.9975
8 0.9871 0.9989 0.8608 0.9996 0.9963
3 Results of the individual steps here. This could be due to the fact that the AO

3.1 Experimental results

Each specimen was subjected to the two described loading
scenarios, representing the forces for a step forward with full
weight bearing and with 50 percent of the forces describing a
step forward with partial weight bearing. During the experiment
under full weight bearing, one of the three specimens (specimen
2139,) failed and fractured inside the clamping system.

The CT scan data of this specimen confirmed its lower bone
mineral density, as depicted in Figure 2D. This figure compares the
bone mineral density as apparent density over the number of
between specimens 2139, and 2131,, highlighting
considerably reduced density in 2139, particularly in areas

voxels

typically dense in cortical bone. This discrepancy is attributed
to the older age and different sex of the donors, with 2139, being
from an elderly female and 2131, from a middle-aged male. Given
the negligible difference in density between the male donor’s limbs,
only one was depicted in Figure 2D. Thus, specimen 2139,
underwent testing only with a decreased load, representing
partial weight bearing.

Figures 3-5 illustrate the DIC analyses process. Figure 3 displays
the axial displacement for a small section of the implant surface. The
timing of this snapshot corresponds to the moment when the axial
force specification reached its maximum during the second step in
the input data. In addition to the displacement field, the temporal
change in line length throughout the entire experiment was plotted
as a curve (Figure 3B). This curve mirrors the progression of the
force specification (input parameter of the testing device) as depicted
in Figure 1D. The typical double-peak structure with its two maxima
is visible in the curve. Figure 4 displays the axial displacement field
on the lateral surface of the AO Fracture Monitor at the same time
point. Analogous to Figure 3, the plot of the line length change over
the entire course of the experiment also shows the double-peak curve
for the eight steps from the input file. In contrast to the length
change on the implant surface, there are larger differences in the data
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Fracture Monitor, as described, was screwed onto the implant,
thereby creating a connection with a small amount of play
between the force application and the measurement surface.
Figure 5 presents the result of the length change of the same
specimen 2131, at the same time point as Figures 3, 4. The two
plotted lines represent the length change near the implant and the
length change of the line furthest from the implant, respectively.
Again, the double-peak pattern is evident, analogous to the other
results. However, it can be observed that the line length at the end of
the experiment did not return as far towards the initial length as in
the case of the implant. This could be due to the fact that the fracture
gap was empty and not filled with a suitable material.

For hypothesis 1, Table 2 presents Pearson correlation
coefficients that revealed a significant linear relationship at the
0.01 level between the DIC results for the implant and the IFM
for all specimens. The consistently high coefficients across all steps,
particularly under partial weight bearing conditions, indicate a
strong adherence to the force application protocol. Specimen
2139;, tested only under a reduced load, showed significant
correlation values exceeding 0.89, underscoring the reliability of
the experimental design.

Based on the high correlation coefficients, the linear regressions
between the mean curves of the DIC results were computed for all
five experiments. For this purpose, the mean curves were adjusted
with respect to the origin, which is due to the slightly different setup
weight of the testing device, which partially (clamping, holder, etc.)
loads on the specimen. Figure 6 illustrates this procedure
exemplarily for specimen 2131; as the other experiments and
specimens show very similar results. All linear regression
functions are listed in Table 3 and show a strong linear
regression for each specimen under full and partial weight
bearing conditions. Notably, specimen 2139, under partial weight
bearing presented the highest correlation (R* = 0.9995), indicating
an almost perfect linear relationship. These regressions provide a
reliable model for predicting the IFM based on implant surface
strain data received by DIC evaluation. The slopes of the regression
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FIGURE 6

Illustration of the calculated strain data from the evaluation of the DIC data for the implant and the IFM for specimen 2131;. (A) Full weight bearing

experiment: mean curves for the IFM and the implant data together with shaded error bars representing one standard deviation and the linear regression
as dashed line. (B) Partial weight bearing: same curves over the full gait cycle.

lines vary only between 5.0185 and 5.6297 for the two specimens  fractures and treatments. Nonetheless, the substantial difference in
2131, and 2131,. This is expected, as both bones came from the same  the value of 2139,, which stands at 10.2688, precludes the possibility
donor, were exposed to the same loading conditions and had similar ~ of making broad generalizations in this context.
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TABLE 3 Functions of the linear regression (cf. Table 2) including the coefficient of determination R2.

Specimen Loading

2131, Full weight bearing
Partial weight bearing

2131, Full weight bearing
Partial weight bearing

21391 Partial weight bearing

Linear regression R?

[FM = 5.0185 * implant—0.0040 0.9799
IFM = 5.2299 * implant—0.0000 0.9949
IEM = 5.0689 * implant—0.0162 0.8504
IFM = 5.6297 * implant—0.0002 0.9984
IFM = 10.2688 * implant—0.0008 0.9995

TABLE 4 Results of the linear regression analysis for the AO Fracture Monitor data (FM) and the corresponding experimental IFM data. The table shows the
correlation coefficient between the datasets, the mean square error, the coefficient of determination R?, and the linear regression to compute the IFM from

the corresponding FM data for all five experiments.

Specimen Loading Correlation coefficient MSE R? Linear regression

2131, Full weight bearing 0.8673 3.06e-05 0.9799 IFM = 3.025¢-04 * EM + 0.01321
Partial weight bearing 0.8954 3.27e-05 0.9949 » IFM = 2.111e-04 * FM + 0.00452

2131, Full weight bearing 0.9921 3.19¢-05 0.8504 , IFM = 1.468¢-03 * FM—0.08425
Partial weight bearing 0.9887 1.96e-05 0.9984 » IFM = 9.476e-04 * FM + 0.01128

21391 Partial weight bearing 0.9901 1.14e-05 0.9995 IEM = 5.227¢-04 * FM + 0.00803

The experiments conducted with the AO Fracture Monitor
delivered seamless signal monitoring throughout the entire
process. Utilizing the live mode feature, the data was recorded in
real time and could be accessed and followed on a smartphone
through Bluetooth technology. Furthermore, the datasets were
transmitted to a cloud server with a time stamp after every
measurement, processed and sent back for analysis. For
hypothesis 2, the regression analysis revealed significant linear
relationships between AO Fracture Monitor and IFM datasets, as
evidenced by the high correlation coefficients and the close fit of the
regression models to the observed data, cf. Table 4. The analysis
under full weight bearing conditions for specimen 2131, showed a
correlation coefficient of 0.8673 with an MSE of 3.06e-05 and an R*
of 0.9799. Under partial weight bearing, the correlation coefficient
improved to 0.8954, with a slightly higher MSE of 3.27e-05 and an
improved R of 0.9949.

For Specimen 2131,, the full weight bearing condition yielded a
very high correlation coefficient of 0.9921, an MSE of 3.19¢-05, and a
lower R* of 0.8504 compared to partial weight bearing, which
demonstrated a correlation coefficient of 0.9887, an MSE of
1.96e-05, and a very high R* of 0.9984, indicating a near-perfect
fit. Specimen 2139, which was only evaluated under partial weight
bearing, exhibited a correlation coefficient of 0.9901, with the lowest
MSE in the dataset at 1.14e-05, and the highest R* value of 0.9995,
denoting an almost exact predictive relationship in the regression
model. Figure 7 shows all five regressions. The relatively high quality
of the predictions is particularly evident in Figures 7C, D. However,
the values of the straight-line slopes for samples 2131, and 2131, are
not as similar as for the linear regressions for the different DIC
evaluations.

The idea of computing these linear regressions was to link the
measurements of the IFM from DIC and the AO Fracture Monitor
to provide a better understanding of the IFM in clinical patients
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where additional data to the AO Fracture Monitor signal is neither
available nor measurable. Figure 7E shows exemplarily the AO
Fracture Monitor data for specimen 2131, for full and partial
weight bearing.

The curves were adjusted to the origin, as the AO Fracture
Monitor only measures relative changes and the implant load is
subject to slight variations at the start of the experiments due to the
setup weight of the testing device, which partially (clamping, holder,
etc.) also loads on the specimen. Figure 7E clearly reproduces
double-peak stance-phase curve, cf. Figure 1D of the knee joint
forces. In addition, the difference between full and partial weight
bearing is visible and is around 1.79, i.e., slightly less than the
expected factor of 2, but of the same order of magnitude as for
specimen 2131,.

3.2 Biomechanical simulation results

Figures 8A-E depicts the simulation results at the moment of
peak axial loading during the forward step. This figure specifically
highlights the von Mises stress distribution on the implant in each
case, since these key indicators have a high informative value with
regard to a possible implant failure. Notably, even at the zenith of
axial loading during full weight bearing and naturally during
reduced partial weight bearing, the stress values peak at only
200 GPa. These peak values are localized above the fracture
during full weight bearing and remain well below the stress
thresholds that might induce failure.

Figures 9A-E presents a comparison between the IFM derived
from the DIC of the experiments (refer to Figure 5) and the results
from the simulations. The blue curves depict the average IFM across
all eight steps, with the band indicating the standard deviation from
the experiments. In contrast, the orange curves represent the
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(A) specimen 2131, under full weight bearing, (B) specimen 2131, under partial weight bearing, (C) specimen 2131, under full weight bearing, (D) specimen
2131, under partial weight bearing, and (F) specimen 2139; under only partial weight bearing. (E) Exemplary adjusted AO Fracture Monitor data for

specimen 2131, for full and partial weight bearing.
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2131, full weight bearing A
2131, partial weight bearing B
2131, full weight bearing (v
2131, partial weight bearing D
21309, partial weight bearing E

von Mises stress
40e-0620 40 60 80 100 120 140 160 2.0e+02

FIGURE 8

Simulation results for the three different specimens and the considered weight bearing cases (A—E). Allimages show the von Mises stress distribution
of the implant at the time point of the maximal axial force during a normal step forward.

simulation results. Specifically, in Figures 9A, B for specimen 2131,
the simulation values exceeded those of the experiments. This
discrepancy might arise from minor differences in the specimen’s
orientation between the experiment and the simulation. While
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simulations ensure optimal alignment, clamping, and force
transmission, experiments might introduce slight inaccuracies
due to potential errors in these areas. However, the curves still
closely resemble the experimental outcomes. For Figures 9C, D,
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Comeparison of the IFM from DIC of the experiments (cf. Figure 5) and the corresponding result based on the simulations (A—E). The curves
combined with a band representing the standard deviation show the experimental results and the orange curves show the counterpart from the

simulations.

TABLE 5 Results for the comparison of the virtual IFM curves from the simulations and the mean IFM curves from the experiments. The table shows the
Euclidean distance and the MSE as distance measure between the curves of every experiment, illustrated in Figure 9, and the correlation coefficient from a

Pearson test of the data from the curves.

Specimen Loading Euclidean distance MSE Correlation coefficient
2131, Full weight bearing 0.05785 3.38e-05 ‘ 0.8401
Partial weight bearing 0.01800 3.27e-06 ‘ 0.8726
2131, Full weight bearing 0.05898 3.51e-05 ‘ 0.8727
Partial weight bearing 0.01202 1.46e-06 ‘ 0.9495
2139, Partial weight bearing 0.00408 1.68e-07 ‘ 0.9813
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2131, full weight bearing partial weight bearing
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2139, partial weight bearing
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movement

no movement

FIGURE 10
Illustration of the strain-based healing window for all fractures at the time point of the maximal axial force during a normal step forward (A—E).
Corresponds to Figures 8A—E.

concerning sample 2131,, the simulation closely mirrors the Table 5 shows additional statistical values for the curves in
experimental results. Moreover, Figure 9E for sample 2139;  Figure 10 and enables an evaluation of hypothesis 3. The data
showcases an excellent match between experimental and  provided includes Euclidean distances, MSE, and Pearson
simulation results. correlation coefficients for all experiments. For specimen 2131,
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TABLE 6 Results for the evaluation of the 3D simulations reduced to the strain energy density inside the fracture gap and the 1D relative strain signal from
the AO Fracture Monitor from the corresponding experiments.

Specimen  Loading Statistical Euclidean Correlation Linear
value distance coefficient regression
2131, Full weight bearing =~ 90th PRC 0.0274 1203e-  0.6716 | 0.8204 4.8802¢-05 *
06 x—0.00086
MEAN 0.0102 L19le-  0.6728  0.8202 1.8358e-05 *
06 x—0.00032
IQR 0.1030 8.408e-  0.6716  0.8195 1.8399¢-05 *
06 x—0.00025
Partial weight 90th PRC 0.0276 8.608e-  0.6654 & 0.8157 8.7492¢-05 *
bearing 06 x—0.00141
MEAN 0.0104 1218e-  0.6654 | 0.8157 3.2921e-05 *
06 x—0.00052
IQR 0.0104 1.215e-  0.6683 | 0.8175 3.3096e-05 *
06 x—0.00046
2131, Full weight bearing =~ 90th PRC 0.0241 6.543e- 07456 | 0.8635 1.1727e-04 *
06 x—0.00229
MEAN 0.0090 9.184e- 07478 | 0.8648 4.4191e-05 *
07 x—0.00086
IQR 0.0089 8.84%- 07585 | 0.8709 4.4644¢-05 *
07 x—0.00082
Partial weight 90th PRC 0.0235 6.185e- 07598 | 0.8715 1.6627e-04 *
bearing 06 x—0.00213
MEAN 0.0088 8.746e- 07598 | 0.8717 6.2574¢-05 *
07 x—0.00079
IQR 0.0088 8.754e- 07611 | 0.8724 6.2822¢-05 *
07 x—0.00073
2139, Partial weight 90th PRC 0.0199 4464e-  0.8264  0.9091 1.3691e-04 *
bearing 06 x—0.00147
MEAN 0.0075 6.28%-  0.8273 | 0.9096 5.1543¢-05 *
07 x—0.00055
IQR 0.0074 6.193e-  0.8310 | 09116 5.1818e-05 *
07 x ~0.000488

under full weight bearing, the Euclidean distance is 0.05785 with an
MSE of 3.38e-05 and a correlation coefficient of 0.8401, indicating a
substantial positive correlation between the experimental and
simulation data. The performance under partial weight bearing
shows improved correlation at 0.8726 with reduced Euclidean
distance and MSE, suggesting greater accuracy in the simulations
under these conditions. Specimen 2131, mirrors this trend, with
even higher correlations under partial weight bearing, particularly a
correlation coefficient of 0.9495, signifying a very close match
between the simulated and experimental data. Specimen 2139,
tested only under partial weight bearing, shows an outstanding
correlation of 0.9813, the highest among the samples, along with the
lowest Euclidean distance and MSE values. These metrics
collectively indicate a strong alignment between the simulated
and experimental curves, especially under partial weight bearing,
thus supporting hypothesis 3, which posits that the simulation
model accurately predicts the behavior of the specimens under
varying load conditions.

Figures 10A-E presents the corresponding data for the fracture
gap with regard to the strain-based healing window as originally
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defined by Claes and Heigele (1999) and later by Shefelbine et al.
(2005). The color-coded representation demarcates the different
fracture regions: areas with too much movement or strain (red),
areas likely experiencing too much movement or strain (yellow), and
regions identified as beneficial for healing (green). One can clearly
see the difference between full and partial weight bearing. For
specimen 2131, in particular, large areas change from too much
movement to areas favorable for healing when the load input is
reduced from full to partial weight bearing. This innovative fracture
analysis approach was first showcased in Orth et al. (2023) drawing
from a real clinical case and building upon concepts introduced by
Braun et al. (2021).

To investigate hypothesis 4, Table 6 presents the evaluation results
comparing 3D simulations, reduced to strain energy density within the
fracture gap, to 1D relative strain signals from the experiments using the
AO Fracture Monitor. For specimen 2131,, under full weight bearing,
90th PRC had a Euclidean distance of 0.0274 and an R® of 0.6716, with a
correlation coefficient of 0.8204, suggesting a moderate to strong linear
relationship as indicated by the regression function. The mean and IQR
show similar levels of correlation. The same applies to the quantity’s
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maximum, median and sum, so that these have been omitted for the
sake of clarity. Under partial weight bearing, the 90th PRC slightly
increased to 0.0276 with a small reduction in correlation, whereas the
mean and IQR values had minimal change. Specimen 2131, showed a
better fit in the full weight bearing condition with a PRC Euclidean
distance of 0.0241 and a higher R* of 0.7456, and an even stronger
correlation coefficient of 0.8635. The regression model for PRC
indicates a strong predictive relationship. The mean and IQR also
displayed strong correlations, with the IQR yielding the highest R* of
0.7585 under full weight bearing. Partial weight bearing conditions for
this specimen also showed strong correlations, with R* values exceeding
0.7598 across statistical values.

For specimen 2139, only partial weight bearing data is available,
which shows the strongest correlations among the three specimens.
The PRC Euclidean distance is 0.0199 with an R* of 0.8264 and a
correlation coefficient of 0.9091. The mean and IQR similarly show
strong correlations, with R* values above 0.8273 and tightly clustered
regression coefficients. These results suggest that the strain energy
density derived from 3D simulations correlates well with the 1D
experimental strain signals, and the linear regression models provide
a good predictive relationship between the simulated and
experimental data.

4 Discussion

The present study confirmed a significant correlation between the
surface strain data of the implant and the IFM as both were derived
from the same experiments evaluated via DIC (hypothesis 1). It also
established that the 1D measurements captured by the AO Fracture
Monitor could predict the IFM measured by DIC, thus linking the
implant loading to the behavior of the fracture gap (hypothesis 2).
Additionally, the study showed that the simulation results could be
reliably evaluated using the experimental DIC data for IFM, especially
under partial weight bearing conditions (hypothesis 3). Finally, a strong
connection was found between the AO Fracture Monitor’s signals and
the simulated IFM, which enabled a transition from 1D to 3D
understanding via the strain energy density within the bone-implant
system, with linear regression models providing a strong predictive
relationship (hypothesis 4). These results, in turn, may be used for
clinical application analyses of the AO Fracture Monitor in
translational studies.

Both the experiments performed and the simulations based on
them are subject to various limitations and few simplifications made.
One simplification that had to be made is the use of knee forces from the
Orthoload database. These represent the data of the selected patient
(k81) and are only a simplifying assumption as knee forces for the bone
donors. In addition, the body weight of the donors was not known, so
the body weight of the patient selected from the Orthoload database was
adopted here as a simplification. In retrospect, this might have been
chosen too high for sample 2139, and could be the reason for the failure
of the osteoporotic bone under high weight bearing conditions. Another
difficulty that always arises in this type of experiment is the clamping of
the specimens. Since bones as a biological and a natural grown structure
have a relatively complex geometry compared to standard industrial
specimens, a good clamping and alignment of the specimens is
challenging. This potentially leads to minor errors in both axial
alignment (z-axis) and in maintaining the x- and y-axes of the
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clamped bones. The corresponding bone areas are marked in the
simulation and the boundary conditions are set there in analogy to
the real test execution. Inaccuracies may occur due to the possible
slightly offset of the angles caused by the alignment of the specimens
and the perfectly aligned simulation models.

Another limitation is the load input to the bone-implant system
from the clamping itself and the associated machine setup that
occurs as a type of preload or bias and is reflected in the AO Fracture
Monitor data because the AO Fracture Monitor cannot technically
perform a calibration step after the specimens are installed. The
manual calibration step of the AO Fracture Monitor was always
done before the start of the particular testing protocols after the
installation of the specimens and the alignment and calibration of
the camera system. If it were technically possible to combine the
calibration step of the AO Fracture Monitor and its data acquisition
with the triggering of the testing device, the significance of the data
and its subsequent use could be increased even further.

Within the evaluation of the DIC and the software used for this
purpose, averaging processes take place that cannot be fully represented
in the simulation evaluation. The goal to compare the results of the
simulations with the results of the experiments as good as possible can be
influenced by using analysis software and the processes running in it. The
biomechanical FE simulations were limited to only one step and do not
represent all eight steps used as input data in the testing device. This
restriction was made because the amount of data for one step in the
output database (ODB) files from Abaqus is already up to 100 Gigabyte,
making the evaluation time and memory intensive. When simulating the
entire input data, the ODB files then reach a size of 800 Gigabyte per
specimen and load case, which exceeds the available computer capacity
for the evaluation process.

We are aware that the conclusions are drawn from only a small
number of experiments, and more experiments from a larger number of
donors will have to be provided to further analyze and strengthen the
results and associations. Nevertheless, the outcomes of this study suggest
that patient-specific simulations in conjunction with the AO Fracture
Monitor measurements provide a viable method for assessing the local
mechanics within a fracture gap, which is pivotal for understanding
mechanotransduction. This methodology can enrich clinical outcomes by
enabling personalized healing strategies, refining prognostic accuracy in
trauma trials, and offering a sophisticated approach for early detection
and intervention in cases of healing complications. Moreover, it has the
potential to guide the enhancement of the design of trauma implants, thus
improving overall patient care in orthopedic trauma surgery.
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Abstract

The strategy for plate fixation of fractured bones in humans changed from absolute stability
through relative stability to a new concept of a predefined range of elastic movement with
mechanical amplitude limitation (“Biphasic Plate”,41medical, Bettlach, Schweiz).

This study aims to evaluate the stress distribution of the biphasic plate design under realistic
boundary conditions, utilizing a comprehensive and integrated approach of in vivo, in vitro, and
in silico analyses. The hypothesis is that the biphasic plate will exhibit a distinct stress
distribution profile under real-world mechanical loads compared to conventional plate designs.
To test this, an implantable vivo strain measurement system (“Fracture Monitor”’, AO-
Foundation, Davos Switzerland) and a camera system are employed for experimental data
acquisition, while patient monitoring captures actual boundary conditions during daily activities.

Finite element simulations are performed on patient-specific 3D models generated from
computed tomography imaging, allowing for detailed stress analysis. These simulations are
validated through experiments on human cadaveric specimens in a custom-designed test rig
by investigating the specific behavior of the biphasic plate with its two different modes (rigid
and flex). These modes offer both the strength of the treatment and the flexibility within the
fracture gap.

The key research question explores the behavior of the biphasic plate under true physiological
conditions, particularly in the context of complex, multi-directional forces experienced during
human movement.

By the chosen biomechanical testing setup, the in silico simulations could be validated,
demonstrating the ability to accurately replicate the postulated motion sequence of the biphasic
plate. This iteration emphasizes both validation and reproducibility as the key outcomes.

1. Introduction

The evolution of modern surgical fracture stabilization by plates started with introducing the
principle of absolute stability after complete anatomic reduction to take advantage of the
regular bone metabolism for direct bone healing . The need for additional care of the soft
tissue coverage and biology after high-energy trauma led to efforts to minimize the implant
footprint and iatrogenic soft tissue impairment. The Limited Contact Dynamic Compression
Plate (LCDCP), introduced by Gautier and Perren 2, is one prominent example. In addition, the
indirect bridging of the fracture zone by a plate allowed the progression of the mainly
undisturbed biological healing process of secondary bone healing by callus formation and
natural callus maturation 3. Taking into account the limited ability to create a controlled
environment for the microbiomechanical conditions within the fracture gaps using the presently
available bridging implants and increased knowledge about the required mechanical in vivo
boundary conditions led to developments for allowing controlled micro movements within the
plate-bone construct 45. As a secondary effect, better long-term stability, especially in
osteoporotic bone, could be detected by taking advantage of a damping effect . Technical
problems with the screws as dynamic elements in the plate-screw-bone construct led to the
evolution of the semi-elastic concept towards implementing the dynamic component into the
plate body as a “biphasic plate” 7. This study also demonstrated the induction of significant
enhancement of the mechanobiological aspects of fracture healing, leading to rapid and robust
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callus formation while improving the strength and stiffness of the overall construct compared
to conventional locking plates, especially in higher weight-bearing ranges ’. Similarly, Epari
and colleagues & found that biphasic plating exhibited a bi-linear stiffness response, providing
more consistent interfragmentary movement and greater implant strength, which is particularly
advantageous for complex fractures like those of the distal femur.

Alternative developments can be summarized in controlling the microbiological environment
by combining constructs of various intra- and extramedullary implants and additional strategies
to limit invasivity and iatrogenic soft tissue damage. Examples are the Less Invasive
Stabilization System (LISS-DF) and retrograde nailing, which demonstrated good healing rates
and fewer complications like infection and nonunion °'°. Dual plating techniques, which use
both lateral and medial locking plates, have shown promise in treating complex distal femur
fractures, with studies ' reporting higher union rates and potentially lower revision rates than
single lateral plating. However, when applied with proper fixation principles, single-locked
plates can also achieve successful outcomes in various distal femur fractures 2. A systematic
review and meta-analysis conducted by Tripathy and colleagues ™ although dual plating
resulted in faster fracture healing, there were no significant differences in functional outcomes
or complications compared to single plating. However, dual plating was associated with longer
procedure times, raising concern about its clinical need. These findings suggest that single
and dual plating can be effective, with the decision often depending on the fracture's complexity
and the surgeon’s preference. Double constructs, frequently applied in geriatric fracture
situations with low bone quality, i.e., double plate or nail/plate combinations, are considered to
be fully loadable, but high stiffness and stress shielding might delay fracture healing time 1°.
In addition, in vivo sensing systems are under development for generating continuous strain
data from the plate as a surrogate indicator for the progressing callus formation and hardening,
as an important proof of concept and possibly a future way to individualize aftercare and
rehabilitation by case-specific loading and activity recommendations '®'®. The concept of a
biphasic plate combining very high peak and fatigue stability with adequate micromovement
conditions for callus formation enhancement might be the necessary step forward to provide
controlled movement, limited soft tissue impairment, and superior early and long-term stability
even in prolonged healing situations '°. This study aims to add mechanical data on the plate
behavior in realistic in vitro loading conditions and combine the findings with an established in
silico simulation model already successfully applied to clinical healing predictions ?°. Further
research and clinical studies are needed to fully explore the potential of biphasic plates in
improving patient outcomes and advancing fracture treatment.

2. Methods
2.1 Experimental Setup

The local ethical committee approved the biomechanical experiment (Aerztekammer des
Saarlandes, Germany, application number 195/24). The cadaveric femur came from body
donation from the Institute of Anatomy and Cell Biology from Saarland University. They using
the preservation methods according to Weigner, described in literature for veterinary uses 2.
The demographic data of the donor stated a 75-year-old female individual, 46 kg of weight,
who passed away for reasons independent of bone conditions. The fracture was simulated by
an osteotomy (Colibri I, DePuy Synthes, Norderstedt, Germany, oscillating blade, 0,8mm) with
a 30° angle to the shaft axis comparable to an OTA/AQO classification fracture type 33A2 (see
Figure 1C) ?2. The biphasic plate was fixed with a total of 9 head-locking screws, six screws in
the distal plate head, and three proximal cortical. The AO Fracture Monitor (see Figure 1B (4))
was mounted on the biphasic plate using two screws, each tightened with a torque of 1.5 Nm.
This biofeedback sensor system monitors the progression of bone healing at a frequency of
10 Hz via a strain gauge. Data is transmitted wirelessly via Bluetooth to a cloud for further
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evaluation through an app on a smartphone '". The experiment was executed on a custom-
designed testing device (see Figure 1A), validated in a previous work from our team '8.The
specimen was clamped into a particular mold clamping (Figure 1A (3)) system to best
accommodate the bone's complex shape. A motor (Figure 1A (1)) is positioned on the proximal
side, driving a spindle to apply a force to the bone. The motor rotated at 0.25 mm/s with each
step, compressing the femur by 0.25 mm.

2.2 In Silico Setup

The cadaveric specimen was scanned together with a six-rod calibration phantom (QRM-
BDC/6, QRM GmbH Moehrendorf, Germany) with a Somatom Definition AS64 CT scanner
(Siemens Healthineers, Erlangen, Germany). The following settings were applied: tube
voltage: 120 kVp, tube current: 96 mA, and 0.6 mm slice thickness. The generated DICOM
data set was used to create the computational model for the biomechanical finite element
simulation. The biphasic plate computer-aided design (CAD) model, provided by AO
Foundation, was added and aligned appropriately after segmenting the cadaveric bone model
in Simpleware ScanlP™ (Synopsys, Mountain View, CA, United States). Bolts were generated
in ScanlP™ and positioned at the existing screw locations. The plate has Young's modulus of
200 GPa and a Poisson's ratio of 0.3 8, while the bone's material properties are defined based
on the CT data and the calibration phantom described in Wickert et al.'®. The properties of the
fracture gap, carefully selected from relevant literature 2, ensure the model's validity. All
elements used in the finite element FE model were C3D10 (ten-node tetrahedral elements with
four integration points). The plate and pin form a firm connection in the model. The input file
loads into Abaqus™ (Dassault Systems, Velizy-Villacoublay. France) for analysis, where the
model undergoes a series of six simulation steps, each applying a concentrated force based
on the experimental load, normalized and distributed across the nodes at the proximal end of
the femur (force values shown in Figure 2A). The model defines a surface-to-surface contact
for the meandering gap of the biphasic plate, with tangential behavior set as frictionless and
usual as hard contact, ensuring a thorough and complete analysis.

2.3 Patient-specific Biomechanical Models

The simulation of the patients follows the same approach as the in silico simulation of the
cadaveric specimen. Therefore, 3D models are generated for each patient (see Table 1) based
on their clinical imaging data and their clinical specifications, which include the anthropometric
properties of the bone, the fracture situation, the location and positioning of the biphasic plate,
the number, length, angle, and positioning of the screws, and patient-specific material
properties derived from the analysis of the gray values.

High-resolution adaptive FE meshes are then generated using ScanlP™, also with quadratic
elements of C3D10-type. In the meshes, node sets at the distal and proximal ends of the bones
are defined to apply boundary conditions. Here, the hip force is the load derived from the
measured patient data (see supplementary material Figure 7) or the Orthoload™ database .
The data sets are scaled by the corresponding patient’s weight and distributed on the marked
nodes. The distal node set defines the distal epiphysis and the proximal epiphysis. All force
components, i.e., medial/lateral as Fy, proximal/distal as F., and anterior/posterior as Fy, are
always applied to the proximal node set as a concentrated force. Translation in all three spatial
directions is blocked at the distal epiphysis. Homogeneous material properties are assigned
within ScanlP™, with values for the implant, interfragmentary nail, and fracture gap as
described above 8225, To determine the relationship between elasticity and bone density, the
grayscale values from the CT data are mapped to the Hounsfield scale and corresponding
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local mechanical properties of the bone %%, The simulation workflow can also be found in
various papers from our interdisciplinary team 3°-3,

3. Results
3.1 In Vitro

The motor rotated the spindle at a speed of 0.25 mm/s, advancing by 0.25 mm with each step.
Figure 2A shows the measured force values after each step and the clamped, treated
specimen (Figure 2B). The in vitro behavior of the biphasic plate is also illustrated, including
its two modes: opened (Figure 2C) and closed (Figure 2D) meander patterns.

3.2 In Silico

Figure 3 compares experimental and simulation data for relative change in length across six
steps. The x-axis represents the different steps of the process (Step 1 to Step 6), as shown in
the values of Figure 2A, while the y-axis shows the relative change in length. The raw
experimental data is depicted as light blue, with significant scatter, while the smoothed
experimental data is shown as a solid blue line, providing a more apparent trend. Red crosses
mark the data points from the simulation, highlighting how the simulation results align with the
experimental outcomes at each step. Overall, the smoothed experimental data closely follows
the trend of the simulation, indicating a strong agreement between the two. However, some
deviations are visible at specific steps, where the simulation data either slightly over- or
underestimates the relative change in length.

In addition to the correlation between in vitro experiments and simulation, the correct simulation
of the primary mechanism of the biphasic plate is also important. The image, Figure 4, consists
of three parts: two graphs labeled A and B and a stress distribution image labeled C. Figure
4A shows the relationship between load in Newton [N] and interfragmentary motion (IFM) in
millimeters [mm] for the near cortex of a bone, with a steady increase in load as IFM rises,
followed by a sharper increase beyond 0.2 mm. Figure 4B depicts a similar relationship for the
far cortex, where the IFM range extends to 2 mm, showing a non-linear rise in load, mainly
after 1 mm. The third part, Figure 4C, is a color-coded contour map illustrating a biphasic
plate's von Mises stress distribution, with stress values ranging from 0 to 850 N/mm?, i.e., MPa.
The highest stress concentrations are visible in specific plate regions, indicating potential areas
of failure. Together, these elements represent a biomechanical analysis of fracture fixation,
focusing on load distribution and IFM in a biphasic plate under stress. The results are
comparable with the studies by Epari and colleagues 8. The aim was to validate the simulation
setup from two sides to obtain valid, reproducible in vivo simulation results. On the one hand,
the in vitro experiments carry out the validation through alignment of the recorded
measurements data from the fracture monitor and the simulation results (see Figure 3), as
already shown in preliminary work by Wickert et al. '8, secondly in Figure 4, by comparing the
simulation setup with the results from the previous study on the biphasic plate .

3.3In Vivo

The following section presents the results of patient-based in vivo studies. By analyzing data
from real clinical scenarios, we aim to understand better how the biphasic plate behaves in
patients with accurate gait data. The results in Figure 5 show that the maximum load on the
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biphasic plate is observed at the edge and not centrally in the middle of the plate in all patients.
The medial-lateral and posterior-anterior force components, therefore, influence the stress
distribution. In addition, the main point of force at the femoral head creates a lever arm that
further influences the stress distribution. In particular, the primary application of force at the
femoral head in the femur leads to a superposition of axial compressive and bending stresses,
consistent with Pauwels' findings 3 on the biomechanical forces in the hip joint. The
supplementary material contains a more detailed analysis of screw positioning for each patient.

4. Discussion

The biphasic nature of the plate we studied, which balances stiffness and flexibility, is a crucial
area of investigation. Limited micromotion, combined with high overall stiffness and fatigue
strength, is presently considered to be the best compromise for adapting to the variant
biomechanical conditions needed throughout the timeline of fracture healing 7*”. For the first
time, the present study compared controlled biomechanical data transferred into an innovative
in silico simulation model to a patient-based simulation of a real-life situation. A deeper
understanding of real-life micromechanics within a fracture area might be possible using
experimental and computational methods.

In vitro Epari and colleagues @ investigated the behavior of the biphasic plate using a bone
substitute material with the following material properties: Young's modulus of 7 GPa and a
Poisson's ratio of 0.3. The focus of this work included the experimental investigation of the
biphasic plate in a setting using human cadaveric bones. A simple fracture type according to
AO classification was chosen based on patient cases and combined to correlate the results .
The behavior of the biphasic plate was successfully tested on the human cadaveric bone under
axial loading conditions. The experiment demonstrated the plate’s two distinct phases (rigid
and flex) and provided valuable data for validating the biomechanical FE analysis.

In silico, this integrated study focuses on correlating experimental findings with simulation
outcomes to create more robust predictive models. Epari and colleagues * serve as a
foundation where computational models were reconstructed to simulate the behavior of the
biphasic plate. In this step, the reproduction of the properties of the biphasic plate and, thus,
the verification of the simulation we created were decisive. The results show that the
mechanism could be reproduced correctly in the fracture gap movement and the stress
distribution. However, our simulation also considered the material properties of the cortical and
cancellous bone and selected a fracture gap that closely aligns with the patient cases
examined later in vivo. The difference lies primarily in a reduction in the fracture width of 20
mm, as selected by Epari and colleagues &.

In vivo The simulation of the in vivo cases provides decisive insights into the actual patient's
behavior. Above all, it is possible to simulate the stress distribution on the plate during a step
forward. It is particularly noticeable here that the medial/lateral and posterior/anterior portions
of the force cause the stress distribution to deviate significantly from that of the in silico studies,
which is not surprising, however, as a purely axial load was applied in silico both in the previous
paper & and in our replicated simulation. This was also set relatively low at 1000 N, as studies
on hip forces such as those carried out by Bergmann and colleagues **4° show that
proximal/distal forces of around 2500 N are regular. Likewise, the lever arm through the
femoral head leads to further changes in the stress distribution, which Pauwels * described
previously. This work does not focus on the screw positions, but it emphasizes that the plate
uses a fixed working length and screw configuration. Previous work 4'%2 has already described
the importance of screw positions and the effects of plate screw density. In the present patient
simulations, only patient 2 corresponds; see supplementary material Figure 6B, which meets



269
270

271
272
273
274
275
276
277
278
279

280
281

282
283
284
285
286
287
288
289
290
291
292
293
294

295
296

297
298
299
300
301
302
303
304
305
306
307
308

309

these requirements. Accordingly, the different screw positionings naturally also influence the
stress distributions.

A significant limitation of the current study is that biological factors like genetic factors, physical
health, and medical conditions cannot be considered in the simulation. Of course, this also
applies to our in vitro experiments, as they use human preparations but cannot fully reproduce
complex biological systems. Since no healing simulation was performed, making precise
statements about the bone healing process or the long-term results is impossible. In addition,
the 3D models and segmentation were created in close consultation with the treating
physicians to ensure anatomical accuracy. Despite these efforts, minor errors in the
segmentation are still possible. These differences can lead to minor deviations from the actual
anatomy of the bone.

5. Conclusion

This study addresses the limitations of each individual approach by integrating in vivo, in vitro,
and in silico methodologies. While in vivo studies provide real-world insights, they are
enhanced by the precision and control of in vitro and silico methods. Combining these
approaches leads to a more comprehensive understanding of the biphasic plate’s
performance, helping to improve its design and clinical application. The ultimate goal is to
ensure patients receive implants that stabilize fractures and support optimal healing and long-
term outcomes as minimally invasive as possible. The results from the simulation closely
matched the experimental data, confirming the accuracy of the FE analysis workflow. Under
axial loading, the maximum stress was concentrated at the center of the plate, above the
meander pattern. However, when patient-specific models were analyzed under in vivo
conditions, with force components in all three planes (sagittal, frontal, and transverse), a trend
emerged, showing that the maximum stresses are distributed along the lateral sides of the
biphasic plates.
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11. Figure Legends

Figure 1: A Self-designed and built testing device consists of the following components: (1)
stepper motor (2) measuring sensors (3) clamping system B clamped femur with distal fracture
(C), treated with Biphasic Plate and equipped with (4) AO Fracture Monitor.

Figure 2: A Results from the experiment: Normal force of the Biphasic Plate during axial loading
B clamped human cadaveric fractured specimen treated with Biphasic Plate and AO Fracture
Monitor C rigid phase, the slot is "open" D flex phase, the slot is "closed".

Figure 3: Relative change in length over the applied load steps from Figure 2A (step 1 — step
6) compared between the in-vitro results (blue line) and the in silico results (red cross).

Figure 4: Load in Newton over IFM in millimeters for A near cortex, B far cortex, and C, the
corresponding stress results described as von Mises stress in megapascal of the in silico
experiment of the biphasic plate.

Figure 5: Von Mises stress results in MPa for the in vivo investigations for A Patient 1, B Patient
2, C Patient 3, and D Patient 4.
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Patient | 70 Male 1945 | Left 33A3 10 No Additional distal
1 femur fracture on
the contralateral
side
Patient | 105 | Male | 1961 Right 33A2 11 Yes Previous distal
2 femur fracture
many years earlier
Patient | 90 Male Right 33A3 8
3
Patient | 63 Male Left 33A2 7 Yes Knee Implant,
4 Intramedullary Nail,
Locking
Attachment plate

Table 1: Patient Information
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Abstract

The accuracy of patient-specific finite element simulations in orthopedic biomechanics
depend highly on the source and thus quality of the anatomical data and implant
geometry. This study investigates the influence of three different implant geometry
sources (computed-tomography-based, three-dimensional surface scan-based, and
original manufacturer data) on biomechanical outcomes in a distal radius model under
physiologically relevant loading conditions.

A distal radius fracture was created and stabilized using an additive manufactured
locking plate. Each implant dataset was integrated into the same bone geometry,
derived from imaging data. Musculoskeletal joint loads (extension-flexion) were applied
at the distal radius, based on inverse dynamics simulations. The implant geometry
sources differ in mesh density, surface quality, and positioning, resulting in varying
levels of computational complexity. Interfragmentary movement and von Mises stress
distributions were evaluated in the near and far cortex regions to assess sensitivity to
implant representation.

Substantial differences in interfragmentary movement are observed in the near cortex,
which are strongly linked to variations in implant positioning across datasets. In
contrast, the far cortex showed relatively consistent results. The model based on
manufacturer data exhibited the highest mesh density and longest computation times,
while the computed tomography-based model offered the most efficient setup. Notably,
three-dimensional scan data required extensive preprocessing to ensure mesh quality.

Implant geometry and positioning significantly affect local mechanical behavior in finite
element simulations of fracture fixation. The findings highlight the need for
standardized geometry integration workflows and support the future use of statistical
implant models in larger patient-specific studies where manufacturer data is
unavailable.

Keywords: distal radius fracture, additive manufactured implant, subject-specific
analysis, osteosyntheses, orthopedic trauma surgery, biomechanical simulation



Introduction

With advancing age, the risk of fracture development increases significantly. Distal
radius fractures are reported to occur most frequently between the ages of 50 and 80
years [1]. Among individuals over the age of 65, this fracture type represents one of
the most common fractures of the upper extremity, second only to proximal femur
fractures [2]. In industrialized countries, this trend is largely attributed to an aging
population. The progressive loss of bone mass and structural integrity associated with
aging further influences treatment and outcome [3].

Overall, approximately 5-10% of all fractures are associated with impaired healing,
including cases in which bone union fails to occur completely and also implant failure
[4].

The underlying causes are diverse, ranging from mechanical overloading to implant
failure. Biomechanical simulations have become an important tool for addressing
clinically relevant questions. Finite element (FE) analysis has long been established
as a reliable method for the numerical simulation of physical problems. Early use in
orthopedic biomechanics focused on analyzing bone loading patterns [5].

However, in medical research, numerous patient-specific and experimental factors
influence the outcomes, making it challenging to establish a reproducible simulation
workflow that consistently delivers valid results. It is already known that the
segmentation of the data has an influence on the simulation results [6]. Among the key
determinants of simulation accuracy are the generation of the geometric model, the
definition of boundary conditions, and the assignment of material properties to the
individual components.

This study specifically investigates the impact of implant dataset generation on the
accuracy of simulation results. Augat et al. addressed various factors influencing
biomechanical simulations and their effects on outcome quality, emphasizing that
biomechanical models should be appropriate, reliable, valid, and relevant[7]. In line
with this, the U.S. Food and Drug Administration has published a comprehensive
guidance document outlining how reports on computational modeling studies -
particularly those involving FE analyses - should be prepared when submitting medical
devices for regulatory approval [8]. The modeling approach and simulation setup were
guided by established practices for credibility assessment in computational modeling,
as outlined in ASME V&V 40 (2018), particularly in the context of medical device
evaluation [9].

Building on this foundation, the present study investigates the effect of implant
geometry generation on the accuracy of FE simulation results. Using a distal radius
fracture analysis as a representative example, the study examines how different
approaches to generating implant geometries influence simulation outcomes. Three
types of implant datasets were analyzed: (1) segmented implant geometries
reconstructed from computed tomography (CT) scans, (2) geometries derived from 3D
scanning, and (3) the original manufacturer-provided dataset, including screws. The
objective is to assess whether the choice of dataset type introduces measurable
differences in simulation accuracy and to provide insights into the impact of geometric
data quality on FE-based biomechanical analyses.



Methods

Computational Model

A radius (see Figure 1 A) builds the basis to generate the computational model and is
additionally used as the initial data set to generate the three computational models for
the FE analysis.

A fracture, type (2R3A2) according to AO classification was created with Geomagic
Freeform™ software (Geomagic Freefrom Plus/Touch X, 3D Systems, Inc.) [10]. The
working principle is based on pottery work. The following steps are executed: (1) Import
radius surface in stereolithography (STL) format, (2) Convert the surface to clay model,
(3) Fracture generation using freeform scraper tool, freeform hot wax tool to smoothen
fracture edges and Boolean operations (uniform, subtract). With this workflow three
parts were generated (distal part, fracture and proximal part). (4) Export of the fractured
radius for further data analysis in STL format. (5) Import of the fractured radius and
subsequent generation of a fracture mask to work in the following with an volume
mesh. This fractured radius (distal and proximal part) was printed with an 3D printer
for demonstration purpose.

The Geomagic Freeform™ software was additionally used to plan with the surgeon the
osteotomy line for the individual implant. With this basis the individual solution was
manufactured by KLS Martin SE & Co. KG. Three computational models were
generated, each based on implant data from a different source (manufacturer, CT
scan, 3D scan), resulting in varying levels of geometric complexity.

Manufacturer model: The implant including screws were imported in STL format to the
initial data set. There was no alignment needed, because this dataset was used for
implant planning and positioning (see Figure 1 D).

CT scan model: For imaging, the 3D-printed fractured radius, including the individual
implant, was acquired using computed tomography (SOMATOM Definition AS,
SIEMENS, Erlangen, Germany) with a slice thickness of 0.6 mm. For image
segmentation of the implant, a mask was created using threshold methods. Additional
steps to fill holes in the mask and suppress noise were performed utilizing a
morphological closing filter and a recursive Gaussian smoothing filter. A detailed
segmentation workflow is published by the authors [11], [12], [13], [14],. Subsequently,
the mask was imported to the initial data set for alignment (see Figure 1 B).
Simpleware™ (Synopsys, Mountain View, CA, United States) was used for image
segmentation.

3D scan model: The implant was scanned with a 3D scanner including a rotary table
for image acquisition (GOM Scan 1, Carl Zeiss AG, Oberkochen, Germany). To
capture every side of the implant, several scanning series were needed. During one
round of rotation, the rotary table stopped eight times to take a shot. For the second
scanning series the implant was placed on the other side. Overall sixteen shots were
executed. The two scanning series were subsequently aligned and merged to generate
a complete 3D reconstruction of the implant, resulting in a single STL file representing
the entire geometry. In the following, the 3D scanned model was imported into the
initial data set and aligned to the correct position (see Figure 1 C). To reduce mesh



complexity and element count, screws were modeled as cylindrical bolts with identical
diameter.

All implant datasets were imported into the initial data set containing the freeform
fracture. Since this dataset served as the basis for the manufacturer's surgical
planning, the position of the manufacturer’s implant model was used as a reference to
align the other two models (derived from CT scan and 3D scan).

Fracture [15] and implant [16] are assigned as homogeneous material parameters
according to literature. The material properties of the radius (cortical and cancellous
bone) are also assigned from literature [17]. Additionally, node sets for force application
and boundary conditions for the FE simulation are defined at the distal and proximal
epiphysis. An adaptive meshing was created using quadratic elements with straight
edges type C3D10. This work was also done using the Simpleware™ software.
Material assignment and node sets were equal in all computational models.

Transversal Sagittal

Figure 1: A: CT Scan as the basis to create an artificial distal radius fracture (AO/OTA 2R3A2)
(red=fracture gap). Also used for individual treatment planning, B: Computational model of the
implant from CT scan, C: Computational model of the implant from 3D scan, D: Data set from
manufacturer. All models are shown in transversal and sagittal direction.



Table 1 summarizes the three different computational models (CT scan, 3D scan, and
manufacturer dataset).

Model Element type Number of elements Size of input file
CT scan Quadratic tetrahedra 11,002 13,661 KB

3D scan Quadratic tetrahedra | 99,420 32,063 KB
Manufacturer | Quadratic tetrahedra 1,093,061 239,464 KB

Table 1: Computational model (CT scan, 3D scan, manufacturer) information at a glance
concerning element type, number of elements and size of input file.

Loading Scenario

Daily activities, used as loading scenarios, represent realistic conditions for testing
bone-implant systems by evaluating implant stiffness or interfragmentary movement
[18]. Flexion and extension as a daily activity were selected for this treatment
approach. Monitoring is therefore a suitable method to assess physical activity during
the healing period and to establish the basis for subject-specific loading conditions. To
capture the movement, subjects were equipped with a motion measurement system
(Xsens™ Technology B.V., Enschede, Netherlands) [19]. In this case the wrist joint
angle (see Figure 2A) are captured during extension flexion (see Figure 2 B) as a part
of daily activity. These data are used in musculoskeletal simulations to calculate
subject-specific joint forces (see Figure 2 C), separated into their anatomical axes (see
Figure 2 D). The computations were done using the AnyBody™ Software (AnyBody
Technology A/S, Aalborg, Denmark).
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Figure 2: A: Motion capture of extension and flexion, B: Movement of extension and flexion in
a musculoskeletal model, C: Calculated wrist joint forces from musculoskeletal model. Used
as loading scenario in simulation, D: Body directions using the example of the wrist.



The estimated force values were then applied as loading scenarios in the simulation
environment on the defined node sets. The established workflow of this procedure is
already published by the authors [11].

Finite Element Simulation

All three computational models were imported into Abaqus™ (Dassault Systemes,
Vélizy-Villacoublay, France). At first, the bone-implant systems had to be aligned, that
the acting wrist joint forces were applied accurate according to the body axes.

The wrist joint forces are applied as concentrated forces on the node set at the distal
end segment of the radius. The force application of the wrist joint forces is applied
iteratively, until the wrist joint force values of the musculoskeletal model have been
processed. The proximal end segment is fixed. For evaluation purposes different areas
of interest were observed. (1) Displacement of the implant surface above the fracture
gap (2) interfragmentary movement near cortex (3) interfragmentary movement far
cortex and (4) Maximum von Mises stress of the implant at the force extremum in dorso
volar direction (-15 N) (see Figure 2 C). The displacements as well as the
interfragmentary movement were determined by choosing two node on the surface
calculating the displacement during each increment (see Figure 3 D).

Results

Figure 3 representing for all three data sets the areas of interest, implant surface and
interfragmentary movement near and far cortex, during the movement of extension and
flexion. The displacement of the implant’s surface and the interfragmentary movement
near cortex are smaller in comparison to the interfragmentary movement far cortex.

The implant provides sufficient stability at the fracture site while allowing greater motion
on the opposite side (far cortex). This leads to increased interfragmentary movement
(see Figure 3 B) compared with the implant-adjacent (near cortex) side (see Figure 3
C) or the micromotions at the implant surface (see Figure 3 A). The individual
computational models show only minor differences. While the implant displacements
and the interfragmentary movement at the far cortex are very similar across all models,
larger deviations can be observed in the interfragmentary movement at the near cortex.
Differences in interfragmentary movement were primarily observed in the near cortex
region across the three implant models (CT-based, 3D-scan-based, and manufacturer
design). These deviations can be attributed to variations in implant positioning, which
directly influence the local mechanical environment adjacent to the implant. In contrast,
the far cortex region showed only minor differences in interfragmentary displacement
between models. This can be explained by the more indirect load transfer in this area,
which makes it less sensitive to small geometric or positional deviations of the implant.
Overall, the results highlight the dominant role of implant positioning in determining
local stability, particularly at the near cortex.

Clear differences can also be observed in both the number of elements and the size
of the input file, which contains the complete model information, including bone,
fracture, implant, and node sets (see Table 1). These differences are also critical for
the computational performance of the simulations. While the CT-based model
completed the simulation within a few minutes, the simulation time increased rapidly



with a higher element count, resulting in the manufacturer-provided model requiring
several hours to simulate physiologically relevant loading scenarios.
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Figure 3: Simulation results concerning the displacement during the movement of extension —
flexion on A: the implant surface, B: the radius’ surface far cortex, and C: the radius’ surface
near cortex, D: Nodes chosen for evaluation. Two nodes near cortex and two nodes far cortex
for displacement evaluation.

Figure 4 illustrates the von Mises stress distribution on the implant surface. While the
overall stress patterns appear similar across all three models, the maximum stress
values differ notably. The CT-based model exhibited a peak von Mises stress of
38 MPa (see Figure 4 A), compared to 63 MPa for the 3D scan-based model (see Figure
4 B) and 75 MPa for the manufacturer model (see Figure 4 C). These differences in
peak stress can be attributed primarily to variations in mesh density. The higher-
resolution meshes of the 3D and manufacturer models allow for a more accurate
resolution of local stress concentrations, particularly around screw holes and
geometrical transitions. Additionally, small deviations in implant positioning between
models may lead to local changes in load transfer and bending moments, further
contributing to variations in peak stress values. Despite these differences, the general
stress distribution remains consistent, indicating that the global load response is
preserved across geometry sources. Similar observations have been reported in the
literature, where finer meshes were shown to capture more pronounced local stress
peaks, especially in regions with geometric discontinuities or contact interfaces [20].
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Figure 4: Stress distribution of von Mises stress A: CT scan, B: 3D scan and C: Manufacturer
model.

The analysis of each region is strongly influenced by the selected nodes of the FE
mesh. Minor discrepancies can also be attributed to slight variations in the alignment
of the individual models. The manufacturer’s planning model served as a reference for
the alignment of the other two models (CT-based and 3D-scan-based), which were
positioned manually. The Supplementary Material includes Figure 5, illustrating the
deviations of the implant surfaces obtained from the 3D (see Figure 5 A) and CT scans
(see Figure 5 B), as well as an additional figure demonstrating the quality of the 3D-
scanned implant compared to the manufacturer’s reference model (see Figure 5 C).

Discussion

The presented workflow has been established for a single subject-specific model and
provides a foundation for application in a larger cohort to confirm the reproducibility
and validity of the results. Nevertheless, a challenge is the limited accessibility of
manufacturers implant data, which are normally subjected to confidentiality
agreements and intellectual property restrictions. In this case, statistical bone models
[21] in combination with a generic or statistical implant could provide a solution to
investigate for broader cohort studies while maintaining a standardized framework.
This would enable systematic investigations into interindividual variability without
relying on proprietary implant geometries.



The main differences, comparing the three models, were observed in the illustration of
the screws and in the positioning of the implant. Particularly in the near cortex region,
the influence of implant positioning became evident, as local interfragmentary
movement varied depending on the spatial alignment of the fixation device. While the
general geometry of the bone remained consistent across models, even small
deviations in implant location led to measurable differences in mechanical response.

In addition to the biomechanical effects, practical aspects such as data preparation
and computational cost played a significant role. The three models differed
substantially in mesh density and input file size, ranging from 11,002 elements (13,661
KB) in the CT-based model to over one million elements (239,464 KB) in the
manufacturer-specific model (see Table 1). Accordingly, simulation run times
increased with model complexity [20]. Furthermore, extensive preprocessing was
required, particularly for the 3D-scan and manufacturer models. The 3D implant
surface, for instance, required cleaning, hole filling, and remeshing. Similarly, the
manufacturer implant data had to be provided in a suitable format before mesh
generation could take place. These aspects highlight the trade-off between anatomical
or geometric fidelity and computational feasibility, which must be considered when
scaling such simulations to larger cohorts. As highlighted by Murphy et al. [22],
computational time remains a critical factor in patient-specific FE modeling, especially
when high-resolution surface scans are used to generate detailed meshes for
biomechanical analysis. The time window for patient-specific solutions is relatively
narrow between imaging and treatment. As a result, computationally intensive
simulations are more suitable for research purposes and are not yet feasible for routine
clinical use. Instead, models that are sufficiently accurate for the specific question, yet
simplified enough to allow for analysis and computation within a short timeframe, are
more appropriate for clinical application.

In this study the focus is on comparing the influence of different implant datasets, rather
than simulating the entire healing process, which partially justifies the linear
assumption. Moreover, although the flexion-extension movement represents a
clinically relevant loading scenario [23], the model does not include soft tissues or
active muscle forces, which in vivo contribute significantly to joint mechanics, load
sharing, and constraint. Patient-specific FE models are increasingly valued for their
potential to link individual anatomy, geometry, and loading conditions to biomechanical
metrics that may inform clinical decision-making (e.g. implant design, risk estimations,
optimization). Imaging modalities such as CT allow for faithful reconstruction of bone
geometry and, when segmented appropriately, also cortical and trabecular
compartments [24]. By integrating patient-specific geometry with musculoskeletal load
data, one can simulate individualized stresses, displacements, and interfragmentary
movement - offering insight beyond generic or population-averaged models [13], [25].

A notable limitation of the present FE model is the assumption of linear elastic material
behavior, which is justifiable only for relatively small deformations and strains. This
simplification neglects non-linearities, plasticity, damage accumulation, or viscoelastic
effects that may become relevant under higher loads. However, translation of these
models into clinical practice remains limited. Challenges include the need for
standardized workflows, validation against in vivo or experimental data, handling of
proprietary implant geometries, and ensuring acceptable turnaround times for clinical



applicability. Nonetheless, if your modeling approach can robustly quantify the effect
of geometry source on simulation outputs, it may guide surgeons, implant
manufacturers, or researchers in understanding sensitivity limits of patient-specific
simulations. Over time, with improvements in imaging, preprocessing automation, and
computational resources, such models may support personalized surgical planning,
implant selection, or risk stratification in fracture fixation and biomechanics.

Conclusion

This study introduces an insight into influences on biomechanical simulations
concerning implant data sources. However, these investigations only cover one factor
that can influence the simulation results. Other factors, such as the influence of the
selected test scenario, reproducibility, or other factors in the simulation area (e.g.,
meshing), still need to be investigated. Differences in the simulation results can be
attributed primarily to the implant position near the cortex.
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the CT scanned implant position compared to the manufactured implant (reference), C:
Surface deviation of the 3D scanned implant in comparison to the manufacturer data set.
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