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Abstract
Bone fractures are a common medical condition requiring accurate simulation for diagnosis and treatment planning. This
study introduces a comprehensive method for simulating bone fractures using two-dimensional fracture patterns and real
fractured bones applied to three-dimensional bone models. The approach begins with selecting and adjusting a fracture
pattern, projecting it onto a 3D bone model and applying triangulation guided by quality metrics to simulate the cortical layer.
Perturbation techniques add irregularities to the fracture surface, enhancing realism. Validation involved comparing simulated
fragments with real fragments obtained from CT scans to ensure accuracy. Fracture patterns derived from real fragments were
applied to non-fractured bone models to generate simulated fragments. A comparison of real and simulated fracture zones
verified the minimal deviation in the results. Specifically, the distance between MMAR and MMAS scaled values varies
between −0.36 and 1.44, confirming the accuracy of the simulation. The resulting models have diverse applications, such
as accurate surgical planning, enhanced training, and medical simulation. These models also support personalized medicine
by improving patient-specific surgical interventions. This advancement has the potential to significantly enhance fracture
treatment strategies and elevate overall patient care.
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1 Introduction

Accurately replicating bone fracture geometry is essential for
orthopedic research, surgical planning, biomechanics stud-
ies, prosthetics development, and medical training [1–4].
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Bone models are vital in visualizing skeletal structures, ana-
lyzing biomechanics, and supporting preoperative decision-
making [5–7]. Advances in 3D modeling and printing
technologies have enabled high-fidelity anatomical recon-
structions with physical realism [8].

As emphasized by Moolenaar et al. [9], realistic fracture
modeling is a key component in advancing computer-assisted
preoperative planning. However, conventional fracture sim-
ulation methods, including manual modeling, finite element
analysis (FEA), voxel-based, empirical-based, and physics-
based approaches, have significant limitations. Although
FEA using CT scans can replicate complex fracture geome-
tries with high precision, as demonstrated by Inacio et al.
[10], it relies heavily on patient-specific imaging andmaterial
parameterization [11–20]. Additionally, ex vivo mechanical
testing provides valuable fracture parameters [1], but sim-
ulations based on them often fail to reflect clinical fracture
morphology.

Avoiding the need for new CT imaging may reduce expo-
sure to radiation, decrease acquisition time and cost, and
simplify planning workflows. Projecting validated fracture
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patterns, either extracted from real cases or generated man-
ually, onto intact bone models enables the generation of
anatomically plausible fractures without individual imaging.
This approach is especially useful in training, biomechani-
cal modeling, and decision support, where the availability of
diverse and realistic fracture patterns remains limited.

Various methods have been proposed to represent and
compare fracture morphology, including point clouds and
height maps [21], contour plots [22], and cylindrical coordi-
nates [23]. Other studies have employed integrated models
from cadaveric bones [24, 25], although validation remains
challenging [26]. Alternative strategies—such as geometry-
based, physics-based, or example-based simulation methods
—enable fracture approximation without requiring full bio-
mechanical modeling [27]. Fracture zone identification has
also been approached using point-based selection and ICP
algorithms [28–30], curvature analysis [31], and normal-
based filtering [32]. These techniques allow the geometric
extraction of fracture zones from 3D models with a focus on
spatial accuracy. Recent advances also include applications
in virtual reality for training [33, 34] and the use of machine
learning for fracture prediction and classification, although
these often require large datasets for training.

This work builds on previous contributions by simulating
cortical bone fractures through the projection of validated
fracture patterns onto intact bonemodels. These patternsmay
be manually designed [35], generated parametrically [36],
or extracted from anonymized CT scans of real fractures
and validated by forensic analysis [37]. The methodology
accounts for both the outer and inner cortical layers, applies
Delaunay triangulation and perturbation techniques [38] to
reproduce surface irregularities, and performs geometric
fragmentation of the model to generate separate bone frag-
ments. Fracture classification follows AO/OTA standards
[39], covering transverse, oblique, spiral, wedge, and com-
minuted fractures.

Compared to earlier approaches that only project frac-
ture lines [38], this method performs actual fragmentation of
the mesh, producing anatomically detailed and high-quality
triangulations. Perturbation techniques enhance realism by
simulating the roughness observed in real fracture surfaces,
improving the clinical and visual plausibility of the simulated
fractures.

Validation includes a quantitative comparisonusingheight
maps generated from both simulated and real fracture sur-
faces, where average height differences are calculated to
assess deviation. Additionally, clinical experts in trauma-
tology perform a qualitative evaluation of the anatomical
plausibility, trajectory, andmorphologyof the simulated frac-
tures. While this evaluation is exploratory, it supports the
visual fidelity of the generated fractures.

Ensuring a high degree of clinical relevance in simu-
lated fractures is essential for their applicability in medical

practice. In this context, clinical accuracy refers to the ability
of the simulation to replicate bone fractures realistically in
terms of their anatomical location, morphological complex-
ity, and propagation characteristics. This is assessed through
the comparison of simulated fracture patterns with those
extracted from CT scans of real clinical cases. Additionally,
the method evaluates the geometric fidelity using 3D height
maps and validates the fracture trajectory and surface rough-
ness through expert clinical assessment.

The main objective of this study is to develop a repro-
ducible and semi-automatic methodology for simulating
realistic cortical bone fractures on 3Dmodels without requir-
ing new CT imaging. By balancing anatomical accuracy and
modeling flexibility, this approach aims to support surgical
planning, biomechanical simulation, and medical education.

This paper is structured as follows: the next section details
the proposed simulation pipeline. Then, the Results and
Discussion sections present the main outcomes, including
validation against real CT-derived fractures and an analy-
sis of potential applications. Finally, the Conclusions and
futurework section summarize thefindings and outline future
research directions.

2 Methods

This methodology simulates realistic bone fractures by
applying two-dimensional fracture patterns onto three-
dimensionalmodels of intact bones. The full process involves
the following: (1) segmenting CT scans of both fractured
and intact bones to isolate cortical structures, (2) recon-
structing high-fidelity triangular meshes, (3) generating or
extracting fracture patterns from fractured bone data, (4)
projecting these patterns onto intact bone models, (5) frag-
menting the bone mesh based on the projected pattern using
triangulation and perturbation techniques, and (6) validating
the results through both quantitative and expert-based visual
assessment. Throughout the process, a clear distinction is
maintained between fractured bone CTs (used for extracting
real fracture data and for validation) and intact bone CTs,
which serve as the base for applying and simulating the frac-
tures.

To provide a structured overview of the methodology,
Algorithm 1 summarizes the full simulation pipeline used
to generate and validate 3D fractured bone models.

2.1 Obtaining and preparation of bonemodels

The simulation process employs 3D triangular mesh models
derived from CT scans of both intact and fractured bones
(including femur, fibula, humerus, and radius). Fractured
bone CTs were used exclusively for pattern extraction and
validation, while intact bone CTs served as the base models
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Algorithm 1 Summary of the bone fracture simulation
process.
Input: CTs_intact, CTs_fractured (optional)
Output: Simulated 3D fractured bone models

1 Segmentation and mesh generation:
2 foreach CT in CTs_intact o CTs_fractured do
3 Segment cortical bone using 3D Slicer (threshold + manual

adjustment);
4 Reconstruct triangular surface mesh;
5 Apply smoothing for anatomical accuracy;

6 Fracture pattern selection:
7 if pattern is Manual then
8 Draw pattern interactively;
9 Forensic validation;

10 else if pattern is Parametric then
11 Generate pattern from forensic data;
12 Automatic validation;

13 else if pattern is From CT then
14 Segment fractured bone;
15 Extract pattern from segmented fractured bone;
16 Activate validation;

17 Pattern projection onto intact bone:
18 Scale pattern to match bone thickness;
19 Project onto inner and outer cortical surfaces;
20 Compute intersections with mesh triangles;
21 Fracture simulation:
22 Subdivide mesh (approximation, subdivision or hybrid);
23 Identify and separate fragments;
24 Apply Delaunay triangulation between cortical layers;
25 Perturb fracture surface to add roughness;
26 Validation:
27 if validation is enabled (only if CT-based pattern used) then
28 Generate 3D height maps (real and simulated models);
29 Compute MMAR and MMAS metrics;
30 Compare MMAR vs. MMAS;

31 Conduct expert visual assessment (trajectory, realism,
roughness);

32 return Simulated fractured bone models

for applying fracture simulations. Segmentation was per-
formed using 3D Slicer [40]. Manual refinement ensured
clean anatomical boundaries and consistent surface quality
across all cases. The resulting segmentations were recon-
structed into high-fidelity triangular meshes suitable for
subsequent simulation steps.

Triangular meshes balance detail and computational effi-
ciency [41], making them well suited for applications in
surgical planning, prosthetic design, and virtual reality
applications. These meshes are typically generated from
CT-derived point clouds or voxel data using surface recon-
struction algorithms, providing continuous and manipulable
representations of bone geometry. Compared to voxel-based
models, triangular meshes have been shown to better repre-
sent superficial bone features and deformities [42].

To enhance surface accuracy, advanced segmentation
and meshing techniques were applied [4, 43]. Smoothing

algorithms [44] were used to reduce aliasing and ensure sur-
face continuity by eliminating abrupt curvature transitions.
This refinement improves anatomical realism and ensures the
structural quality required for high-fidelity fracture simula-
tion.

2.2 Selection of fracture patterns

Fracture patterns define the geometry and propagation of
bone fractures and are central to the simulation process. In
this work, patterns are generated or extracted in two dimen-
sions and then projected onto 3D bone models to simulate
realistic fractures. This section details how patterns are rep-
resented, created, validated, and applied.

2.2.1 Pattern representation

Fracture patterns serve as 2D geometric descriptors of frac-
tured regions, derived from medical images or forensic
analysis. Common representations include spherical coor-
dinates, 2D textures, and 3D height maps [36, 45]. In this
study, patterns are flattened onto a 2D plane to facilitate pro-
jection onto bone models, as proposed by Cohen et al. [23].
The approach incorporates detailed segment information to
preserve the morphology of real fractures and is informed by
forensic criteria [23, 37, 46] to ensure clinical relevance.

2.2.2 Pattern generation

The generation of fracture patterns began with creating 2D
patterns (Fig. 1) using specialized tools, including software
and algorithms. These patterns aimed to replicate fractures
in the diaphysis of long bones, based on classifications
like AO/OTA [39]. Three approaches were used: interactive
drawing of patterns, automatic parametric generation, and
extraction from real fractured bone models via CT scans.
The first two approaches required validation of the gener-
ated patterns.

• Interactive pattern generation using a graphical editor
[35], allowing users to manually create fracture lines and
define key attributes such as location, orientation, shape,
and the presence of detached fragments.

• Automated parametric generation, following the met-
hod proposed by Jiménez-Delgado et al. [36], produces
two-dimensional fracture patterns (Fig. 1) based on pre-
defined forensic parameters [37, 46]. The system uses
clinical data to define geometric features for each fracture
type [39], enabling consistent and realistic simulations
without manual intervention. Pattern accuracy is ensured
through automated validation tools [35, 37], which ver-
ify coherence with forensic criteria and were developed
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Fig. 1 Representation of a
fracture on a cylindrical model
(left) and its two-dimensional
projection (right) according to
the method proposed by Cohen
et al. [23]. This process involves
transforming the 3D fracture
data into a 2D format for easier
analysis and application in
simulations. Image extracted
from Cohen et al. [23]

to streamline and support the generation, analysis, and
validation of fracture patterns in a reproducible way.

• Pattern extraction from CT scans of fractured bones,
using the algorithm proposed by Luque et al. [47]. This
method identifies fracture zones by combining geomet-
ric discretization techniques—such as oriented bounding
boxes (OBB), grid structures, curvature analysis and sur-
face normals—with seed-based filtering. The algorithm
classifies points into outer and inner cortical layer and
projects them into 2D space, generating anatomically
realistic fracture patterns that capture both propagation
and morphology.

2.2.3 Pattern validation by forensic analysis

Fracture patterns were validated using forensic analysis tools
that compare geometric and morphological features with
documented clinical cases [23, 37, 46]. The automated val-
idation system applies predefined criteria based on forensic
studies [36], valuating each pattern according to three key
aspects: the number and classification of fracture lines, their
lengths, and the presence and distribution of fragments along
the bone axis.

These criteria are derived from statistical analyses of real
fractures and ensure that generated patterns are consistent
with clinically observed morphologies. Patterns meeting all
thresholds are considered valid for simulation. Full details
of the validation process can be found in Jiménez-Delgado
et al. [36].

2.2.4 Pattern projection

Validated 2D patterns were projected onto 3D bone models
using a method described in prior work [38]. The pattern was
aligned and scaled based on the target bone’s thickness and
curvature. A cylindrical approximation of the bone surface
was used to unwrap themesh, apply the pattern, and re-map it
to 3D space. Intersections between the fracture line andmesh

triangles defined the cutting points used in the fragmentation
stage. Projection was carried out independently for both the
inner and outer cortical layers, enabling dual-surface fracture
simulation.

The projection process began by selecting a suitable 2D
fracture pattern P (Fig. 2a) and preparing the 3D bone model
M , represented as a triangular mesh. The application height
on the bone was then defined, and the pattern was scaled
accordingly in both transverse and longitudinal axes tomatch
the local bone thickness. A transformation T was applied
to align and adapt the pattern to the model, resulting in the
adjusted pattern T (P) = P ′, where P ′ is the pattern adjusted
to model M (Fig. 2b), ready for projection onto the mesh sur-
face.

To support the projection process, the target region of the
bone was enclosed within a cylindrical structure. Given the
natural irregularities of the bone surface, the cylinder radius
was defined based on the bone’s thickness at the intended
fracture height. The triangle mesh was then adjusted to fit
the cylinder, avoiding triangle overlap and transformed into
2D for calculations (Fig. 3a). The fracture patternwas applied

Fig. 2 Schematic of the projection method used to apply 2D fracture
patterns onto 3D bone models. a Original pattern (P). b Transformed
pattern (P ′)
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Fig. 3 Different representations
of fracture zone. a 2D fracture
zone. b 2D fracture zone with
the fracture pattern
superimposed. c 2D fracture
zone with the shear points on its
triangles

and its width adjusted to match the bone’s thickness, corre-
sponding to the width of selected triangles (Fig. 3b).

Intersections between the fracture pattern and the bone
mesh were then calculated to identify the precise cutting
points along the surface (Fig. 3c). These points definedwhere
the fracture lines intersected the mesh triangles, enabling
their direct integration into the bone geometry rather than
a superficial overlay. As illustrated in Fig. 4 (left), this pro-
cess established a topological correspondence between the
projected fracture pattern and the 3D mesh, ensuring an
anatomically coherent fracture representation.

Fig. 4 Points belonging to the bone fracture in the inside and outside
layers of the model. Points colored in green belong to the triangles
whose cut points follow approximation strategy and those colored in
red represent the triangles on which a subdivision is made

2.3 Fragmentation of bonemodels and fracture
zone generation

Following the projection of the fracture pattern, the bone
model was subdivided to determine bone fragments. Using
triangulation, adjacent triangles were connected coherently
to realistically depict the fracture across cortical tissue lay-
ers. Perturbation techniques introduced surface irregularities,
mimicking natural variations in real fractures to enhance
model realism.

2.3.1 Subdivision of the bonemodel guided by quality
metrics

Subdividing the bone model into fragments followed the
fracture pattern projection, involving determining cutting
points along the triangles of the bone mesh model. Methods
include approximation, subdivision, and hybrid approaches
[48]. In the approximation method (Fig. 5a), cutting points
were moved to the nearest vertex, maintaining mesh topol-
ogy. Subdivision method (Fig. 5b) retained original cutting
point positions, forming new triangles from existing vertices.
The hybrid approach (Fig. 5c) combined thesemethods, opti-
mizing mesh quality while ensuring fracture precision with
an adjustable approximation threshold.

The subdivision of triangles generated from cut points and
vertices is addressed using quality criteria to optimize the
geometric representation of fragments. Based on the prin-
ciples established by Knupp et al. [49], a comprehensive
analysis [48] was conducted to identify the most suitable
criterion for ensuring the average mesh quality. As a result,
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Fig. 5 Comparison of
approximation (a), subdivision
(b), and hybrid (c) strategies for
cutting points in the bone model
mesh

the metric based on the ratio of inradius (r ) to circumradius
(R) was found to be the most effective for this purpose.

This metric evaluates the arrangement of triangle points
[48], ensuring the formation of high-quality triangles with
ideal quality values in the range [1, 3], where values
approaching 1 correspond to equilateral triangles (Table 1).
The use of this approach, combined with an approximation
threshold of 10%, proved effective in ensuring an accurate
representation of fracture geometry in bone meshes.

The next step involved identifying fracture points in both
the outer and inner layers of cortical tissue. These points

Table 1 Quality ranges for the ratio between circumradius and inradius
of a triangle

Triangle radius ratio

Dimension 1

Acceptable range [1, 1.3]

Normal range [1, DBL_MAX]

Full range [1, DBL_MAX]

q for an equilateral triangle 1

result from intersecting the projected fracture pattern with
the bone model, guiding the segmentation of the model into
distinct bone fragments. Once the fracture zone was defined
and the corresponding bone geometry established, each frag-
ment and part of the cortical tissue, inside and outside layers,
were identified for subdivision at the fracture site (Fig. 4).
Detection and identification of different fragments proceed
from a seed point, iterating through neighboring triangles
until reaching those designated as part of the fracture line
(Fig. 6).

2.3.2 Generation of geometry in the fracture zone

The process connects the inner and outer cortical surfaces at
the fracture zone using Delaunay triangulation. This method
ensures a coherent and continuous connection between tri-
angles, while applying specific constraints to avoid meshing
regions that should remain hollow—such as the central
medullary canal where trabecular bone is located. Figure7
illustrates the closure of a transverse fracture using Delaunay
triangulation applied to the cortical surface.
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Fig. 6 Bone model with the fragments identified. Spiral (left) and
oblique (right)

To enhance realism in the fracture zone, two perturbation
techniques were implemented. In the first method (Fig. 8),
perturbations are applied directly to the vertices in the frac-
ture zone before triangulation. Each vertex is displaced along
its normal vector using a random value within a user-defined
threshold, which controls the maximum magnitude of dis-
placement. This threshold typically ranges from 0.1 to 1.0
mm, and these values have been adjusted experimentally
to achieve a more realistic appearance of the fracture. As
a result, the resulting fragments already incorporate surface
irregularities at the time of triangulation. The second method
(Fig. 9), unlike the previous one, applies perturbation after
the initial triangulation of the fracture surface. In this case,
an auxiliary point is added at the center of each triangle and
displaced along the triangle’s normal vector (Fig. 10), again
using random values uniformly distributed within the same
0.1–1.0 mm range. This approach introduces controlled sur-
face roughness andmimics the non-uniformity typical of real
bone fractures, enhancing both visual and anatomical real-
ism.

2.4 Model validation using fractures from CT scan

To evaluate the accuracy of the simulated fractures, a valida-
tion process was conducted by comparing the results against
real fractured bone models derived from anonymized CT
scans. These real models served as references for generating

Fig. 7 Transverse fracture applied on femur with generation of geom-
etry on the fracture surface by Delaunay

and applying fracture patterns to corresponding intact bone
models. The goal was to assess how closely the simulation
reproduces themorphology and trajectory of actual fractures.

Fig. 8 Fractured bone model following a transverse fracture pattern
with a hybrid approach and the proposed geometry generation method
without auxiliary points in the fracture zone
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Fig. 9 Initial triangulation of the fracture zone with auxiliary points.
These points generate a perturbation effect, simulating the roughness
observed in actual fractures

The validation pipeline involved six sequential steps, illus-
trated in Fig. 12:

1. Acquisition of fractured bone models: 3D models of
fractured bones were obtained through segmentation and

Fig. 10 Fracture zone after applying perturbation. This process follows
the triangulation and generation of new points in the fracture zone

reconstruction of CT images, generating volumetric and
surface mesh representations.

2. Detection of the fracture zone on the fragments:Using
the algorithm from Luque et al. [47], fracture zones were
detected through a combination of oriented bounding box
(OBB) discretization and a grid. The grid was traversed
parallel to the sweep vector, marking candidate points
in each column and filtering for points belonging to the
outer or inner cortical layers, thereby identifying fracture
points for both layers.

3. Fracture pattern generation: Points along the fracture
edges were extracted and converted from 3D to 2D space,
generating fracture patterns for both the external and
internal layers, accounting for changes during fracture
propagation.

4. Projection of the pattern onto intact models: These
patternswere projected onto intact bonemodels using the
methoddescribed in [38], aligning themanatomically and
adjusting their scale to match the target bone’s geometry.

5. Model subdivision and geometry generation: The sub-
division of the bone model used triangle subdivision
techniques based on quality metrics [49]. This facilitated
the identification of points belonging to the fracture line
for each fragment. The cortical tissue layers were joined
in the simulated fractured model through Delaunay tri-
angulation and perturbation techniques.

6. Height map comparison: 3D height maps were gener-
ated based on the fracture zones of both simulated and
real models. A reference plane was positioned above the
fracture zone, from which perpendicular distances were
measured to each surface point. These values formed a
height profile used for quantitative and qualitative com-
parison (Fig. 11).

For validation, height maps of both the real and simu-
lated bonemodelswere compared. Specific features analyzed
included the overall shape of the fracture surface, the rough-
ness profile and the similarity of the fracture trajectory.
Quantitative comparison was performed using the average
height differences between corresponding points of the real
and simulated fracture surfaces, measured along lines pro-
jected from a common reference plane. This metric, referred
to as “height map distance” (MMAR for real models and
MMAS for simulated ones), captures surface deviation while
preserving the spatial distribution of the fracturemorphology.

The validation process involved a multi-step comparison
between simulated fractures and real fractured bone mod-
els obtained from anonymized CT scans. Fracture patterns
extracted from real cases were applied to intact bone mod-
els, and both the real and simulated fractures were evaluated
using height maps generated from the fracture zones. These
maps enabled both quantitative and qualitative assessment of
surface similarity.
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Fig. 11 Representation of a fracture zone derived from a real fibula
fracture using a height map. This map provides a three-dimensional
visualization of the fracture, showing the depth and contours of the
fracture lines

Quantitative validation focused on comparing features
such as the overall shape of the fracture surface, surface
roughness, and fracture trajectory. For each case, a height
mapwas constructed by projecting distances froma reference
plane onto the fracture surface. The average absolute differ-
ence in height values between corresponding points on the
real and simulated models was computed—referred to as the
“heightmap distance.” Thismetric, expressed asMMAR (for
real fractures) and MMAS (for simulated fractures), quanti-
fies surface deviation while preserving spatial structure. The
results are presented in Table 4.

Qualitative validation was independently conducted by a
group of clinical experts. The experts visually assessed the
simulated fractures based on three key criteria: (1) visual
plausibility, (2) anatomical coherence, and (3) similarity
to clinical cases. Evaluations were performed individually
using a 3-point Likert scale (1 = low, 2 =moderate, 3 = high),
drawing on the clinicians’ experience in fracture interpreta-
tion (Table 2).

This structured scoring framework provided a consistent
basis for discussion, leading to a consensus evaluation that
determined the overall fidelity of each model. This valida-
tion process was carried out separately from the quantitative
height map analysis and served as a complementary assess-
ment of simulation realism.

Although this stage relied on consensus-based qualitative
evaluation, future studies could incorporate formal inter-
rater reliability analysis to reinforce the methodological
robustness. Multiple experts could independently evaluate a
representative sample of simulated fractures using the same
criteria, with agreement levels quantified using statistical
measures such as Fleiss’ kappa,which is appropriate formore
than two raters.

The proposed simulation pipeline is semi-automatic and
runs efficiently on standard hardware. Once a fracture pattern
is selected, adapting it to a 3D bone model and generating
the fractured output takes 0.20–0.78 s per case, depending on
model complexity. Simulations were performed on a 2017
MacBook Pro (2.9 GHz Intel Core i7, 16 GB RAM) without
GPU acceleration, confirming the method’s low computa-
tional demands.

The framework was developed in C++ and integrates sev-
eral specialized libraries to ensure both computational per-
formance and geometric accuracy. Among the most relevant,
OpenMesh was used for mesh representation and manipula-
tion throughout the pipeline, while OpenGL enabled inter-
active visualization of bone models and fracture patterns.
Additionally, 3D Slicer served as the tool for segmenting
DICOM-based CT data and reconstructing high-fidelity sur-
face meshes from both intact and fractured bones.

Core components of the pipeline, including pattern pro-
jection, mesh subdivision, and fracture surface perturbation,
were implemented using internally developed algorithms,
designed for reproducibility and flexibility. The use of
efficient data structures and optimized geometry process-
ing routines allows the framework to handle anatomically

Table 2 Expert scoring of simulated fractures using a 3-point Likert
scale across three qualitative dimensions

Case ID Expert Anatomical
coherence

Visual
plausibility

Similarity to
clinical cases

Global
score

#01 A 3 3 3 2.92

B 3 2 3

C 3 3 3

D 3 3 2

#02 A 2 3 3 2.42

B 2 3 2

C 2 2 3

D 3 2 2

#03 A 2 2 3 2.33

B 2 3 2

C 2 2 2

D 3 2 3

Scale: 1 = low realism, 2 =moderate realism, 3 = high realism. The aver-
age score per case reflects the mean across all dimensions and experts
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Fig. 12 Overview of the fracturing process. This summarizes the steps from obtaining real fractures to applying patterns on 3D models and
generating height maps for validation

complex fracture scenarioswhile preserving structural coher-
ence and visual realism.

3 Results

To demonstrate the effectiveness of the described fracture
simulation process, fractured models have been generated
as illustrative examples. These models serve as visual and
practical representations intended to verify the ability to
accurately summarize the characteristics of bone fractures
in two-dimensional patterns and faithfully reproduce these
characteristics in three-dimensional bone models.

This section presents the results of the fracture generation
process on bone models using fracture patterns. It includes
a subset of fractured models based on various patterns, frag-
ments obtained from CT images of real fractures, and the
validation results of the method, including expert visual val-
idation, as described in the Methods section.

3.1 Bone fracture simulation

Validation began with real fractured bone models (Figs. 12
(1) and 13), including a fibula and humerus, represented as
triangle meshes. Obtaining these models from CT images is
challenging, as they provide detailed bone geometry, density,
and internal tissue arrangement. The CT scans used to gener-
ate the real fractured bone models were obtained from com-
pletely anonymized clinical cases provided by the University
Hospital of Jaén, Spain. The process involves segmenting and
processing CT images to capture bone shape, structure, and

fracture details. These models serve as references for gener-
ating 2D patterns to apply over intact 3D bone models.

These fractures were applied to two intact bones (simu-
lated models), the femur and the humerus, obtaining three
viable combinations between the real model and the sim-
ulated model. Despite the variability in the source of the
fracture patterns, their applicability to similar bones, such as
the long bones of the diaphysis, is justified by the fracture
pattern’s adaptability to the dimensions and peculiarities of
the bone model to be fractured. Table 3 shows the number of
vertices and triangles for each original and simulated model.
Thesemodelswere validatedbycomparing themwith the real
fractures through the analysis of height maps, as described in
Section 3.2. This allowed a quantitative assessment of surface
similarity between simulated and real fracture zones.

An additional model, a radius, was used in the tests, but
due to the dimensions of the real models in relation to the size
of this type of bone, the application of this type of fracture
was not feasible. When a fracture obtained from a bone of
larger dimensions is applied to a bone with a considerably
smaller radius, adapting the fracture presents difficulties due
to the difference in scale. An adjustment must be made to

Fig. 13 Models of real fractured bone (humerus)
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Table 3 Number of vertices and triangles by original model (intact or fractured) and by simulated model (pattern obtained from a real fractured
bone and applied on a different model)

Model Intact
femur

Intact
humerus

Fractured
fibula

Fractured
humerus

Fibula fracture pattern
applied on femur

Fibula fracture pattern
applied on humerus

Humerus fracture pat-
tern applied on femur

Vertex 970,104 100,158 173,376 55,264 570,351 56,511 580,998

Triangles 335,368 33,386 57,792 110,528 190,117 18,837 193,666

maintain the aspect ratio in the pattern, ensuring it makes
sense for the bone to which it is applied.

In one of the simulated cases, an oblique fracture of
a fractured fibula was obtained and applied to a femur
(Fig. 14). Similarly, the fracture of a real fractured humerus
was obtained and applied to a femur. Finally, a fracture pat-
tern of a fractured fibula with a large number of irregularities
was obtained and applied to a humerus to simulate the frac-
ture (Fig. 15).

In Fig. 16, the fracture pattern (Fig. 17) applied to the bone
models can be observed. In the fracture pattern image, two
distinct lines are depicted, one in black and the other in yel-
low.

One line represents the outer cortical surface, while the
other corresponds to the inner surface. Despite sharing basic
characteristics, discrepancies in their cut points arise due to
variations in the fracture line as it traverses the cortical tissue.

The projection of the fracture pattern onto the cortical
tissue can be seen in Fig. 16. Figure18 depicts the cutting
points and the triangulation for this fracture.

3.2 Height map generation

After obtaining the different bone fragments following the
application of fracture patterns, heightmaps are generated for

Fig. 14 Simulation of a fractured femur using a fracture pattern origi-
nally extracted from a real fibula. The left and central images show the
femur model after pattern projection and fracture simulation. The right
image presents a detailed view of the fracture zone, emphasizing surface
morphology and mesh structure resulting from Delaunay triangulation
and perturbation

both the real (Fig. 11) and simulatedmodels (Fig. 12 (6)). It is
expected that the height maps will differ between the real and
simulated models, as the pattern is applied to a different bone
model in terms of size and geometry. The original patternwas
derived from a fibula and humerus, tailored to the thickness
of those models.

This process captures the 3D surface irregularities of the
fracture and represents them as height values. By aligning
the fracture zones of real and simulated models at the same
location, differences in height can be assessed across the
same reference region. These maps are then compared by

Fig. 15 This figure shows a simulated humerus fracture generated by
applying a fracture pattern extracted from a real fibula. The result illus-
trates the adaptability of the method to different anatomical models
while preserving the characteristic morphology of the original fracture
pattern
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Fig. 16 Projection of 3D cut points onto the cortical layer of bone
models, illustrating the fracture pattern applied to both the outer and
inner cortical layers. a Fracture pattern extracted from a fibula and
applied to a humerus. b Same fibula-derived pattern applied to a femur.
c Pattern extracted from a fractured femur and applied to a femur

computing average height differences and identifying devi-
ations in surface profile, thereby validating how closely the
simulation replicates the real fracture’s structure.

When applying the pattern to the new models (femur and
humerus), it is scaled to fit the model’s thickness, defined by
the bone’s generalized radius and resized along the Y -axis.
This scaling process involves adjusting the results obtained
during simulation to account for size differences between
the original bone model and the target model receiving the
fracture pattern. If the original model has thickness Toriginal
and the new model has thickness Tnew, values from a height
map or other measurements in the new model are scaled

Fig. 17 Fracture pattern extracted from a real humerus model and its
two-dimensional representation for both cortical layers. The black line
corresponds to the outer cortical surface and the yellow line to the inner
cortical surface

Fig. 18 Two-dimensional representation of the fracture zone in both
cortical layers of a femur model, simulating a real fibula fracture. Blue
points indicate the vertices of the triangles selected for the subdivision

proportionally to compare properly with the values in the
original model. The scaling is performed using the ratio
Toriginal
Tnew

. This adjustment ensures that measurements in the
newmodel align correctly relative to the original model, con-
sidering their dimensional disparities.

The arrangement of the heightmap coincides in bothmod-
els at the fracture edge when making the cut. To verify that
both contours correspond to the same fracture pattern, the
average value of the height map for both the real and sim-
ulated cases was compared. The obtained results had to be
resizeddue to the scalingof the fracture pattern duringprojec-
tion onto the model, owing to the difference in size between
the original bone model and the model to which the fracture
pattern is applied.

3.3 Comparison of height maps

The validation process of our simulation models involves
comparing the simulated fracture patternswith thoseobtained
from CT scans of real fractured bones. This comparison
serves as an indirect verification method. We will elaborate
on this validation process anddiscuss future steps that include
direct experimental verification through biomechanical test-
ing.

Table 4 presents the data for both the real model and the
simulated model. For each of the real models, it shows the
generalized bone radius, the height or range of the height
map (difference between the minimum and maximum points
of the height map of the model), and the average distance
of the height map in the fracture zone (MMAR). Following
each real fractured bone model, the model onto which the
fracture was simulated is presented, along with its general-
ized radius, the value of the height range in the fracture zone,

123



Medical & Biological Engineering & Computing

Table 4 Quantitative comparison between simulated and real fracture surfaces sharing identical fracture patterns, based on height map metrics

Real model Simulated model
Model Radius Height

map range
MMAR Model Radius Height

map range
MMAS MMAS

scaled
Distance between
MMAR and MMAS
scaled

Percentage variation
of MMAR and
MMAS scaled

Fibula 9.23 22.80 10.89 Femur 13.08 35.33 12.17 11.13 0.24 −2.22%

Fibula 9.23 22.80 10.89 Humerus 8.94 24.82 11.83 10.53 −0.36 3.32%

Humerus 5.00 24.00 13.00 Femur 13.08 271.41 62.41 14.44 1.44 −11.05%

MMAR (mean map from real fracture) and MMAS (mean map from simulated fracture) represent the average height values computed from the
corresponding fracture surfaces. Left: Real model parameters, including bone type, radius, height map range (i.e., amplitude of height variation),
and MMAR values. Middle: Simulated model parameters, including bone type, radius, height map range, MMAS values, and MMAS values
scaled to match the real bone dimensions. Right: Direct comparison between real and simulated results, showing the difference between MMAR
and scaled MMAS, as well as the percentage variation

the average distances of the height map, and the average dis-
tances of the height map properly resized (MMAS) or scaled
for the simulated model (MMAS scaled). Finally, the differ-
ence between the average distances of the height map of the
real fracture and the simulated model after resizing is shown
as a percentage.

In these results (Table 4), we observe that the difference
in the average distances in the height map between the real
and simulated models shows very little variation, despite dif-
ferences in the geometry and scale between the real and
simulated bones (different source and destination bones).
This variation ranges between 2 and 3% for the real fibula
model and 11% for the real humerus model.

The latter value shows a higher variation due to the size
disparity between the humerus andfibula,with radius of 5 and
13.08, and a height map range of 24.00 and 271.41 respec-
tively. The number of triangles in the models also varies
significantly, resulting in more cut points in the simulated
model when applying fracture patterns, leading to a higher
number of points in that model and, consequently, a vari-
ation in the average height map of the simulated model in
areas with a higher density of cut points. Additionally, in
the case of the humerus, the model had low resolution and a
very small size, leading to a large difference in dimensions
between the real model and the bone used for simulation. For
this reason, the scale of the real bone (humerus) was adapted
beforehand.

3.4 Visual validation

Finally, the results obtained on the bonemodelswere visually
validated (Figs. 14 and15) by agroupof experts from theUni-
versity Hospital of Jaén composed of two traumatologists, a
radiologist and a surgeon specializing in fracture reduction,
who confirmed that the simulated models accurately repre-
sented real fractures, similar to those observed in real bone
models obtained through medical imaging. Some of their
assessments determine that by comparing actual patterns that

have been obtained from real fractures, the fragment genera-
tion is faithful to the fragmentation that would occur in a real
fracture. Therefore, they determine that the fragment gener-
ation method aligns with the results that would be expected
in a real fracture. They also point out that the inclusion of
perturbations in the fracture zone makes it more similar to
the appearance of a real fracture as the union between the
two layers of cortical tissue is not so clearly perceived.

4 Discussion

The experiments in this study emphasize the significance
of bone fracture simulations, addressing the challenges of
real-time fracture observation and analysis. Fractures occur
unpredictably, making it impossible to observe their progres-
sion or predict the exact moment of injury under natural
conditions.

Laboratory replication also faces significant hurdles. Vari-
ables such as the presence or absence of adjacent tissues and
whether the subject is alive differmarkedly fromnatural frac-
ture scenarios, preventing accurate reproduction of fracture
events in controlled experimental settings.

The bone models developed here offer a practical tool
for studying fractures. By using medical imaging data and
patterns validated through forensic analysis, these models
replicate fracture patterns with high accuracy, providing
insights into bone behavior that are difficult to observe
directly in clinical or experimental practice.

Fracture generation starts with selecting and adapting a
fracture pattern to a 3D bone model, ensuring both inter-
nal and external cortical layers are represented. Subdivision
of the model using Delaunay triangulation and the applica-
tion of perturbation techniques generate irregularities that
enhance realism, mimicking the surface non-uniformity typ-
ically observed in real fractures. However, localized defects
or impressions, such as those caused by bone crushing or
impact, are not explicitly simulated. Futureworkmay include
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the integration of defect-specific deformation models to bet-
ter represent high-impact or osteoporotic fracture scenarios.

To ensure precise fracture control, a method generates
two-dimensional patterns projected onto three-dimensional
bone models. This approach accurately represents fracture
characteristics and incorporates automatic forensic vali-
dation, enhancing pattern authenticity and reliability. An
additional validation method uses real fractured bone mod-
els from CT scans applied to intact bones. Though requiring
careful adaptation, this technique effectively replicates spe-
cific patient-observed fractures.

The simulation methodology supports complex fracture
geometries, including branching and the generation of multi-
ple fragments, especiallywhen fracture patterns aremanually
designed or generated parametrically. In such cases, the
algorithm evaluates mesh continuity and separates affected
regions into distinct fragments when topological disconnec-
tion occurs. This allows the simulation of comminuted and
ramified fractures. However, when the simulation is based
on a real CT scan, only the available scanned fragments are
represented. Due to scan limitations, clinical positioning, or
partial reconstruction, the full fracture context is often not
captured, restricting the simulation to the geometry of a sin-
gle isolated fragment. This represents a practical limitation
when simulating complex clinical fractures directly from CT
data.

Compared to existing methods, our approach balances
anatomical realism with practical applicability. FEA and
physics-based models, although useful for biomechanical
insights, require high-resolution CT scans, precise mate-
rial properties, and complex calibration procedures, factors
that limit their scalability and integration into standard
clinical workflows [10]. Similarly, machine learning-based
approaches depend on large annotated datasets and often lack
interpretability, making them less adaptable to rare or com-
plex fracture scenarios.

In contrast, the proposed methodology generates geomet-
rically realistic fracture models using validated 2D fracture
patterns, eithermanually designed, parametrically generated,
or extracted from real clinical cases, without requiring indi-
vidualized CT imaging. This reduces reliance on medical
imaging resources, simplifies preprocessing requirements,
and enables the rapid generation of diverse fracture configu-
rations.

Furthermore, the method offers fine control over fracture
morphology, propagation trajectory and surface complexity
through adjustable pattern parameters and perturbation tech-
niques. Its modular and reproducible nature makes it well-
suited for a wide range of applications, including surgical
training, preoperative planning, forensic analysis, biome-
chanical simulations, synthetic dataset generation, training
environments based on virtual reality, and physical model

fabrication via 3D printing. Compatibility with standard
mesh formats and simulation workflows further enhances its
versatility across clinical, educational, and research domains.

5 Conclusions and future work

Our study presents a novel approach to simulating bone
fractures using two-dimensional and three-dimensionalmod-
els.We investigated twomethodologies: generating fractures
from two-dimensional patterns and applying real fracture
patterns to bone models. Both methods simulated frac-
tures effectively and captured their distinctive characteristics.
Minimal variation between real and simulated fractures
demonstrates the robustness of these methods. Specifically,
the distance between MMAR and MMAS scaled values
varies between −0.36 and 1.44, while the percentage varia-
tion ranges from −11.05 to 3.32% (see Table 4), confirming
the accuracy of the simulation.

The resulting models constitute a versatile dataset for use
in research, surgical training, planning, and education. This
work establishes a solid foundation for advancing fracture
simulation, offering valuable tools formedical and healthcare
research.

While the methodology is designed to be generalizable
to different anatomical regions, certain components of the
pipeline may require specific adaptations. In particular, the
projection strategy used for long bones relies on their elon-
gated morphology and well-defined anatomical axes. These
assumptions may not hold in irregular bones or articular
surfaces, where alternative projection and transformation
methods may be required. By contrast, other stages of the
process, such as extracting fracture zones from CT scans and
transferring 2D patterns onto 3D models, can still be applied
withminimalmodification. Addressing these anatomical and
geometric variations will be an important direction for future
development.

Future directions include refining simulation techniques to
enhance accuracy through advanced computational methods
and machine learning. Clinical validation studies involv-
ing healthcare professionals and patient data will assess the
real-world applicability of simulated fractures. Incorporating
trabecular bone into models and simulating real geometries
from CT scans will broaden the research scope.

Validation will expand to include biomechanical anal-
yses, such as stress distribution and fracture propagation
patterns. Integrating simulated fractures into surgical train-
ing, biomechanics, education, and imaging technologies can
improve fracture management strategies. Exploring appli-
cations in orthopedic research, biomedical engineering, and
forensic science will further enhance their utility, contribut-
ing to advancements in bone fracture understanding and care.
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