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Abstract: Proper fixation techniques are crucial in orthopedic surgery for the treatment of various
medical conditions. Fractures of the distal humerus can occur due to either high-energy trauma with
skin rupture or low-energy trauma in osteoporotic bone. The recommended surgical approach for
treating these extra-articular distal humerus fractures involves performing an open reduction and
internal fixation procedure using plate implants. This surgical intervention plays a crucial role in
enhancing patient recovery and minimizing soft tissue complications. Dynamic Compression Plates
(DCPs) and Locking Compression Plates (LCPs) are commonly used for bone fixation, with LCP extra-
articular distal humerus plates being the preferred choice for extra-articular fractures. These fixation
systems have anatomically shaped designs that provide angular stability to the bone. However,
depending on the shape and position of the bone fracture, additional plate bending may be required
during surgery. This can pose challenges such as increased surgery time and the risk of incorrect plate
shaping. To enhance the accuracy of plate placement, the study introduces the Method of Anatomical
Features (MAF) in conjunction with the Characteristic Product Features methodology (CPF). The
utilization of the MAF enables the development of a parametric model for the contact surface between
the plate and the humerus. This model is created using specialized Referential Geometrical Entities
(RGEs), Constitutive Geometrical Entities (CGEs), and Regions of Interest (ROI) that are specific to
the human humerus bone. By utilizing this anatomically tailored contact surface model, the standard
plate model can be customized (bent) to precisely conform to the distinct shape of the patient’s
humerus bone during the pre-operative planning phase. Alternatively, the newly designed model can
be fabricated using a specific manufacturing technology. This approach aims to improve geometrical
accuracy of plate fixation, thus optimizing surgical outcomes and patient recovery.

Keywords: distal humerus; LCP plate; parametric model; method of anatomical features

1. Introduction

In the field of orthopedic surgery, the utmost importance lies in delivering the best
possible medical treatment for patients with bone fractures. Surgeons employ both internal
and external fixation techniques to address these fractures [1-5]. External fixation is a
technique that involves the utilization of a fixator positioned externally to the body to
stabilize bone fragments [1]. On the other hand, internal fixation relies on the utilization of
osteofixation materials such are screws, pins, and plate implants to stabilize the fractured
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bone [2-5]. Internal fixation is preferred due to its ability to promote superior functional
recovery of the bone [2].

Plate implants are the most utilized internal fixation devices, and they are manu-
factured in various sizes and shapes to accommodate different patients [4]. However, a
challenge arises when there is a geometrical mismatch between the size and shape of the
patient’s bone and the standard plate implant [2,6,7]. In such cases, accurately positioning
the plate becomes difficult, and the treatment may be complicated by inadequate load
transfer during the bone healing process. To address this issue, personalized plate im-
plants (PPI) have been introduced. These implants are specifically customized to align
with the patient’s bone anatomy, meet the requirements of the surgeon, and ensure the
preservation of blood flow in the periosteum during the recovery process [5-7]. While
the implementation of patient-specific implants yields favorable outcomes for patients, it
may necessitate additional time for pre-operative planning and manufacturing [7]. Conse-
quently, patient-specific implants, such as the PPI, are employed when the use of predefined
(standard) implants can potentially lead to complications during the intraoperative and
postoperative phases. Creating an anatomically adjusted plate implant typically relies on
a patient-specific bone model. Nevertheless, when it comes to fractures, the bone data
acquired from medical imaging techniques can often be incomplete, lacking the necessary
geometric and anatomical information required to construct a complete bone model. Vari-
ous approaches and methodologies can be employed to develop a 3D model of the bone,
utilizing either complete data (standard reverse modeling) or incomplete data (template
and/or parametric models) [6,8-13].

In modern medicine, a variety of implants are used for the fixation of human bone
fractures [14]. Dynamic Compression Plates (DCPs) with oval holes have been used to
achieve inter-fragment compression using screws. These plates feature specially designed
oval holes, such as those described in [15], which facilitate bone fragment compression
upon screw tightening. The utilization of the Dynamic Compression Plate (DCP) offers
numerous benefits, such as minimizing the occurrence of misaligned joints, providing
stable internal fixation, and eliminating the need for external immobilization. Consequently,
this allows for the mobility of neighboring joints while ensuring proper alignment and
healing of the fractured bone. To ensure sufficient stability and support bone functionality,
DCPs must be placed against the periosteum (the tissue covering the outer surface of
bones) [14-17]. However, this requirement raises a crucial issue regarding the cortical
bone’s porosity at the implant site due to limited blood supply. To minimize refracture
risk, it is recommended not to remove the plate for at least 15-18 months to eliminate
the gap between the bone fragments. Studies have analyzed the causes of refracture and
concluded that cortical necrosis is a contributing factor [18,19]. A novel plate design,
known as a limited contact-dynamic compression plate (LC-DCP), has been developed to
address plate interference with cortical perfusion and reduce cortical porosity. The LC-DCP
design involves less surface-to-surface contact with the bone’s periosteum compared to
DCP, approximately 50% less. This reduction in contact aids in decreasing cortical bone
necrosis and osteoporosis beneath the plate [16,17]. However, it should be noted that some
studies [20-22] have shown that LC-DCP does not improve blood flow to the bone or
the biomechanical properties of the bone-implant assembly. Locking Compression Plates
(LCPs) have largely replaced the aforementioned implants in contemporary medicine. LCPs
possess the ability to provide both locking and standard functions. Nonetheless, locked
plating cannot entirely substitute conventional plating [14]. LCPs offer superior fixation
and can withstand higher loads compared to standard plates such as DCPs [20,21]. Since
LCPs do not require precise contouring and do not need to make direct surface contact with
the bone when locking screws are used, they act more as fixators. However, the increased
distance between the plate and the bone may present challenges [22-25]. Distal humerus
fractures of the elbow represent around 2% of adult elbow fractures [22]. Extra-articular
fractures, a specific type of distal humerus injury, require open reduction and adequate
stabilization. In situations where bone quality is compromised, particularly in individuals
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with osteoporosis, the use of stable angular plates is essential. Thus, ensuring proper elbow
stabilization during the patient’s recovery phase is of paramount importance [23-25]. To
fulfill these needs, Locking Compression Plate (LCP) extra-articular distal humerus plates
are commonly employed as implants for the treatment of this particular fracture. These
plates offer fixation systems that not only conform to the anatomical shape of the bone
but also provide angular stability [26]. It is crucial to closely monitor and regulate the
contour of the LCP plate as it conforms to the distal portion of the humerus. The distal
end of the plate should exhibit a curved shape along the posterior aspect of the lateral
column, while ensuring that the plate remains a safe distance away from the olecranon
fossa, thereby allowing for unimpeded complete extension of the elbow joint. In certain
clinical cases, the LCP plate needs to be bent during surgery [7,23,26]. The need for
intraoperative bending can be avoided by utilizing predefined Personalized Plate Implants
(PPIs). To gain a better understanding of plate implants and their potential applications
within the human body, it is essential to comprehend various types of standard biomaterials
employed in their production. Bio-metals, which are inorganic metallic biomaterials, are
the most used biomaterials in medical practice for fabricating medical devices such as bone
plates [27]. Bio-metals are typically non-biodegradable; however, ongoing research aims to
develop alloys with biodegradable properties. Stainless steel, cobalt alloys, and titanium
alloys are the primary bio-metals used in orthopedic surgery. However, bio-metals can
cause corrosion-related toxicity and early failure due to heterogeneous stress distribution
since implant modules are more elastic than bone. As a result, several studies [27-29]
have investigated the potential of organic biomaterials and bio-composites, including
Polymethyl-Methacrylate (PMMA), Poly Lactic Acid (PLA), Poly Glycolic Acid (PGA),
Polydioxanone (PDS), and others. These studies have provided evidence that orthopedic
implants constructed from biopolymers and bio-composites can serve as viable alternatives
to metallic implants. Currently, these materials find extensive use in dental implants and
smaller, flexible internal fixators.

The Proposed Solution for Creating a 3D Model of the Plate

The initial modelling of the plate contact surface model was developed and presented
in [1] (Manufacturing 2022 conference). To improve the PP model, additional research work
has been conducted, which is presented in this paper. In [1], two different methodologies
were demonstrated for the creation of the plate surface model. The first methodology is
based on the spline curves application and the second was based on the application of SubD
patches. The presented results were more than promising; therefore, in this study, additional
improvements of these two methodologies were made, and a new approach for developing
a completely novel parameterized parametric 3D model of the plate is introduced. The
main improvements are reflected in the application of the Characteristics Product Features
(CPF) methodology [30], which is an essential part of the improved Method of Anatomical
Features (MAF) [6]. CPF and MAF were created by the authors of this paper, and they can
be used as novel tools for human organ remodeling and different applications (education,
additive manufacturing, clinical implementation). Using these improved MAF, it is possible
to define more requirements that the resulting model should fulfil, thus making it better in
different ways (geometrically, anatomically, and technologically). As a novel addition, the
new parametric model should bring the possibility to create 3D plate model (solid) even
when there is not enough bone data to provide direct bone remodeling, defined in the first
two methodologies, thus making it a useful tool for real clinical applications in pre-, intra-,
and post-operative procedures. The improved PPI has additional geometrical elements that
can be used as the basis for remodeling, thus improving pre-operative (software bending
and transformations), intra-operative (bending during surgery is lesser because of better
models), and post-operative (better recovery because of shortened operation time, better
fitting of the plate) processes.
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2. Materials and Methods

The MAF introduces a novel approach for describing the geometric characteristics of
human bones, allowing for the creation of diverse geometric models. Two types of models
can be generated using MAF:

e 3D Geometrical Models: These models, which have been used in Computer-Aided
Design (CAD) for many years, encompass standard polygonal, surface, and volume
models. CAD software (CATIA V5) package was employed to create these models by
applying conventional CAD technical features.

e  Predictive (Parametric) Models: By utilizing morphometric and other readable pa-
rameters obtained from medical imaging techniques, MAF can adjust these models to
match the geometry and morphology of a specific patient’s bone. These models are
based on input data acquired from medical imaging methods such as CT or MR

Both models rely on data acquired from medical imaging methods and are created
through the MAF application, which consists of basic and additional processes. The
basic processes [6] enable a comprehensive geometric and anatomical definition of the
human bone. These processes include: creation of the initial polygonal model: this process
produces a polygonal model representing the specific human bone; anatomical analysis:
this process generates an anatomical model of the specific human bone; definition and/or
selection of Referential Geometrical Entities (RGEs): these entities serve as fundamental
geometry elements used in the creation of other geometric elements such as curves or
surfaces; creation of Constitutive Geometrical Entities (CGEs): these entities, known as
constitutive entities, are used in the creation of surface and solid models of human bones
and bone parts. The polygonal model, RGEs, and CGEs are outputs of the basic MAF
processes and can be used to create different geometrical models of the human bone. The
additional processes in MAF produce a parametric model specific to the human bone.
Based on predictive functions, this parametric model defines the shape and anatomy of
the bone and is defined by the values of morphometric parameters acquired from medical
imaging methods. The parametric model can be transformed into a personalized model
by applying morphometric parameter values obtained from a specific patient’s medical
images. The effectiveness of MAF has been demonstrated through various studies [6,7,19],
which have shown its geometrical accuracy as well as its anatomical and morphological
correctness when applied to human bones. Further examples of MAF application can be
found in chapters [10-12] of the book “Personalized Orthopedics” [31] published by Springer.
In addition to bones, MAF has been utilized in the creation of personalized implants
for human bones, including long and flat bones. Ethical regulations have been and will
continue to be followed for all real (clinical) applications.

The Characteristics Product Features (CPF) expands the capabilities of MAF by en-
abling the definition of specific features of human organs beyond anatomical characteristics.
This allows the resulting model, called the Features Model (FM) or specific CPF model, to
possess additional properties such as functional, material, manufacturing, or mechanical
characteristics. It is important to note that in this context, the term “model” refers to a com-
plex entity comprising different elements (CGE, polygonal model(s), CPF properties). The
FM resulting from the application of MAF can meet various needs and fulfill different re-
quirements from different stakeholders. The FM can serve as an input model for additional
MAF processes, facilitating better parameterization according to the novel specifications
defined in the FM, such as material or manufacturing properties. Figure 1 illustrates the
relationship between the MAF model and the integration of CPF into the methodology
itself. The CPF is a methodology already used in CAD/CAM to define parametric models
of different mechanical parts [30]. For this application, if the requirement is to make the
bone or plate model more geometrically accurate, then CPF can help the designer and
physician to determine the anatomical area(s) where this requirement needs to be accom-
plished and to mirror the known morphology and anatomy of the model in hand or use
tacit knowledge to apply different (more accurate) geometrical elements. Overall, the MAF
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and CPF methodologies offer a comprehensive approach for creating geometric models of
human organs, allowing for personalized and customizable features.

Original MAF CPFs
— Formation of — Capability to define more product
bone geometrical models properties, like: material, me-
— Focused on chanical, manufacturing, etc.
\ geometry and anatomy — Ability to form workflow models. /

~

Figure 1. The MAF with CPF integration.
2.1. Creation of PPI LCP Models

The two initial approaches for the plate contact surface creation are presented in [1],

and they are as follows:

The Curve Based Method (CBM) that utilized commonly used geometric elements
(spline segments) as parametrized geometry. The bone model was then employed as a
deformable template model through the application of Free-Form Deformation (FFD)
techniques.

The Subdivision Surface-Based Method (SDBM) and Regions of Interest (ROI) were
employed to define a control mesh, acting as the parameterized grid. By adjusting the
vertices and normals of the control mesh polygons, the SubD surface was capable of
conforming to the underlying bone template model.

The newly developed approach/methodology is based on innovative MAF, and it is

defined as follows:

The CPF creation method—The produced FM model is based on the additional prod-
uct characteristics/properties, not just geometrical and anatomical. The additional
properties are defined as parameters, including shape modification, geometry and
topology optimization, material selection, and manufacturing process definition. To
describe and define additional properties, different descriptive elements can be used.
For example, if we need to impose some limitations to plate manufacturing, a simple
programming script can be added to the programming routines. This programming
script can be used as a control mechanism.

The new Feature Model (FM) was introduced to improve the first two methodologies

and enable a better parametrization of an optimized PPI model. The FM model is a direct
output of CPF application, and it brings additional capabilities to PPI creation:

(@)
(b)

(©

(d)

The material model, closely related to the manufacturing model, enables the definition
of adequate material for plate production using additive manufacturing.

The production capability reflects the possibility of plate model manufacturing. In
this study, additive manufacturing was chosen as the primary methodology for
producing PPI. Additional manufacturing technologies, such as cutting or forging,
will be considered in future work.

The improved geometrical model includes additional ROI points to enable better
capability for shape modification. The original models [1] were accurate enough, but
extra ROI points were selected to improve model capability for geometrical/shape
adaptation to the specific bone. This FM feature is very useful in pre-operative surgery
simulation [6,7].

The formation of the workflow system for the application of PPI in clinical or other
cases (e.g., in medical education). This workflow model is presented for the optimized
parametric model application.

The methods employed in this study utilized a pre-existing surface model of the left

humerus [1,19]. This model was generated from a CT scan of a 50-year-old woman using a
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Toshiba Aquilion 64-slice scanner at the Clinical Center Nis. The CT scan had a resolution
of 512 x 512 pixels and a scan thickness of 0.5 mm. The CAD program CATIA (licensed,
V5) was used for the designing process (Figure 2a). In Figure 2b, the surface model of the
humerus shaft and distal part [1] and original trimmed spline curves are shown. An extra
curve was also introduced in the distal section (condyle) to improve geometric accuracy
and anatomical correctness based on the surgeon’s recommendation. A descriptive model
defined in the literature was introduced to simulate the extra-articular fracture in the
distal humerus, classified as A2 type according to OTA/AOQ classification [32]. The visual
representation of this simulated fracture can be observed in Figure 2c.

Polygonal
bone model

Simulated
. fracture

gin
bone model

(b) (c)

Figure 2. The definition of the LCP plate, along with the bone and fracture models, is as follows:
(a) humerus surface model integrating trimmed anatomical curves (CGEs), (b) new curve on the bone
model, and (c) simulated fracture demonstrating the placement of the LCP plate [1].

2.2. The Improved Curve Based and Subdivision Surface-Based Methodologies

Accurately determining the position and orientation of the standard LCP plate was of
utmost importance to establish a valid plate-humerus contact surface parametric model.
This was accomplished by referring to literature [33] and considering recommendations
from physicians. Specific spline curves were created by trimming existing curves [1], as
shown in Figure 3a. These curves served as the basis for constructing the PPI LCP contact
surface model. Using this model, a volume (solid) model of the plate was generated by
adding a thickness of 2 mm. The initial guidelines aimed to encompass a broader area in
the distal part of the humerus and ensure a more anatomically tailored fit. Furthermore, it
was essential to minimize contact with the Olecranon fossa while ensuring that the plate’s
distal part remained as close as possible to the extension of the shaft part of the contact
surface. For the SubD surface implementation, the original mesh was defined by utilizing
the created curves and the original bone surface, as shown in Figure 3b. Subdivision
surfaces are mesh-based objects that are well-suited for approximating models such as
character modeling and creating smooth organic forms, making them particularly useful
for real-time model adaptation. This study defined parametric patches across the humerus
surface model using all the specified curves and points on them. This approach ensures the
preservation of the bone’s inherent shape while adhering to Subdivision (SubD) surface
modeling principles. For the SubD surface, if more control points are defined, as it is in
theses case, mesh can be more adaptable, and thus the designer has more flexibility for
the plate design. Both model types were developed in [1], with good anatomical and
geometrical accuracy (median deviation around 0.1-0.2 mm). The overall conclusion was
that achieved accuracy is more than enough, but as it was stated, the physicians had
additional requirements that were mainly focused on the possibility of making the model
more usable. To do that, two main improvements were defined. The first improvement was
to add additional curves (in horizontal, transversal direction) for direct surface creation,
and an additional spline curve as the surface spine (coronal direction).



Materials 2023, 16, 5409 7 of 14

Daviation Analysis. 10 Deviation Analysis. 10 Deviation Analysis.10
1279 Points (100.00%) 1279 Points (100.00%)

Pos Max Dev = 1.89mm
Neg Max Dev = -0.405mm
Mean Dev = 0.362mm
Std Dev = 0.427mm
Pos Mean Dev = 0.405mm
Neg Mean Dev = -0.0756mm

0.495mm
e
0.33mm

. 0.165mm

omm

1279 Points (100.00%)
Pos Max Dev = 0.35Smm
Neg Max Dev = -0.43mm
Mean Dev - -0,00033mm
Std Dev = 0.0919mm
Pos Mean Dev = 0.0556mm
Neg Mean Dev = -0.0605mm

-0.103mm

0.495mm
289%
033mm

0.495mm
031%

0.165mm
36

el 89.44%
-0.174mm) B i
-0348mm i “0348mm

el . -0522mm

(@) @ G

Deviation Analysis. 10 Deviation Analysi. 10
Deviation Analysis. 10

2071 Points (100.00%)
Pos Max Dev = 1.86mm
Neg Max Dev = -0.223mm

844 Paints (100.00%)
Pos Max Dev = 0.429mm
Neg Max Dev = -0.523mm
Mean Dev = 0.00115mm
Std Dev = 0.136mm
Pos Mean Dev = 0.103mm
Neg Mean Dev = -0.07Smm

468 Points (100.00%)

a Pos Max Dev = 0.162mm
Positive Max = 0.162mm  Neg Max Dev = -0.17mm
ad Mean Dev = -0.00424mm

- i Std Dev = 0.0411mm
Pos Mean Dev = 0.023amm
Neg Mean Dev = -0.0239mm

Pos Mean Dev = 0.398mm
Neg Mean Dev = -0.0146mm

0.429mm ga=Snm 0.429mm

s s g
0.286mm e 0.286mm
o143 g 0.143mm

100.00% l ommn Omm 100.00% l (;mm )
-0.174mm| Z0A74mmy -0.17amm
g = o -0.349mm
il -0523mm l i

Negative Max = -0.223mm .t
( i
8) (h) @)

Figure 3. Definition of previous [1] and new improved LCP plate surface and with bone model:
(a) original curve based model; (b) original SubD model; (c) additional curves and new plate surface
model; (d) deviation analysis between optimized plate surface model and new curve based surface;
(e) deviation analysis between SubD plate surface model and new curve based surface; (f) deviation

analysis between curve based plate surface model and new curve based surface; (g-i) same deviations
defined with the new SubD model.

The additional curves and spine curve are presented in Figure 3c. The total number of
added transversal curves was five, three in the distal /shaft section, and two in the condyles
section (already used for bone surface model improvement, only trimmed). The newly
developed surface model based on original and added curves is presented in Figure 3c.
The deviations between models and bone surface were not changed drastically, and they
remained in the already achieved boundaries. The deviations for the new curve model
are presented in Figure 3d—f and for the novel SubD model in Figure 3g-i. It can be con-
cluded that both models are still very geometrically accurate and anatomically correct, i.e.,
deviation maximums were reduced by about 5% for both models, in the end being evenly
distributed. One thing that has changed is the number of points used for ROI definition [1],
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which is now greater because of the additional curves. The designer now has an option to
modify more points, as well as to adjust the plate shape model accordingly. The modified
model was adjusted by manually manipulating the point coordinates, thereby altering
the overall geometry of the plate shape. To ensure compatibility with the patient’s bone
anatomy and shape, the plate model can be personalized and scaled using X-ray images,
including anterior—posterior or lateral-medial views, or a combination of both [1]. The
points that define the plate model can be manually adjusted through various transforma-
tions. Alternatively, the PPI LCP plate model can be created and utilized as a template in
order to bend the standard LCP plate model during surgery. Additionally, the PPI model
can undergo further processing to incorporate locking and regular holes, resulting in a
CAD model suitable for Computer-Aided Manufacturing (CAM) processes such as milling
and casting.

2.3. CPF Methodology for the Creation of Additional Models and Process Workflow

The final approach includes optimizing the plate model geometry and creating the
parametric plate model, material model, and manufacturing model. The Parametric Plate
Model (PPM) is formed on the bases of the improved geometry, and it is defined as a
model for which geometry can be changed by changing the parametric values, thus making
it personalized to specific patent. Material and manufacturing models are defined as
material properties of selected material and technological process of chosen manufacturing
technology. These models are essential to the workflow for creating and applying the plate
model in surgical cases. The simplified workflow model is presented in Figure 4.

)+ P1Medical Imaging P2 Param.etrl.c model
application
P3 Plate model heal- P4 Forming the Ma-
ing and improve- » terial and Manufac-
ment turing model
P5 Complete (Fea- Manufacturing
» ture model) applica- Simulation
tion Presentation

Figure 4. The simplified workflow model (only processes) of the optimized parametric plate model
application.

The first process is medical imaging of the patient (P1) in which parameter values
are acquired. Next, the application of these values into the parametric model is per-
formed (P2), which enables the modification of the parametric surface/solid model into the
patient-specific 3D plate model. The next step is to analyze the resulting model and make
additional improvements if necessary (P3). When the physician and designer are satisfied
with the model, the material and manufacturing model formation process follows (P4).
Finally, the complete (Feature) model (P5) is defined and ready for application, possibly
for manufacturing, presentation, simulation, and education. It is important to note that
the final geometrical model is created at the end of the process because the manufacturing
model may require some geometry changes to be correctly produced. For this workflow
to succeed, it is possible to use all defined models, but in this case, the definition of the
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third (optimized PPM) is presented. The optimized PPM is also based on the same bone
geometry but with additional adjustments, and to create it, several steps are required:

e  Creation of the optimization curves that can be easily adapted. Circular arcs are
used as the simple geometrical element defined by three points: Left max, Right max,
and Middle point of the corresponding spline curves (used in first two methods).
According to the previous testing, nine cross-sectional curves provide the plate model
with enough accuracy, so nine circular arcs are defined. These three points are specific
ROIs defined on each spline, as shown in Figure 5.

e  The definition of the left and right boundary guiding curves going through left and
right maximum points on each spline curve, as shown in Figure 5.

ROI points for

I } arc definition

Figure 5. The optimized cross sections (circular arcs) and guiding curves for parametric plate model
definition.

e  Definition of the angles of the circular arcs. An important parameter for the easier
control of the plate width in cases when boundary-guiding curve application cannot
produce a manifold model, or medical images do not provide enough data.

e  Definition of the circular arc center distance to the bone anatomical axis as parame-
ters [7], as shown in Figure 6. This is necessary for cases where there is only one X-ray
image available. By using these distances and arc angles, a less accurate plate model
can be created, but it is still usable for additional processing.

e  Formation of the matrix that includes ROI points for each parametric curve (circular
arc) and for the left and right guiding curve (1)—Optro;.

e  Formation of the vector of circular arc angles for each section (1)—Opta;gies
Formation of the vector of arc middle point distances to the anatomical axes (1)—Opt ;s
Definition of additional or supporting distances for better calculation of plate geometry.
Supporting distances are measured for the left and right circular arc point, and they
are defined as normal distances from these points to the anatomical axes in the AP
(Anterior—Posterior) plane (1)—Optg s (d11/r means dy; (left) and dy, (right) distances
to points—these distances form two vectors).

Lyt Mipp Ry o1 dq dy dir
Lyy My My o dp dy) d

OPtROI = . ;Optungles = o ;Optdist = o ;OptSdistl = . ;OPtSdistr = . .r. (1)
Loi Moy Ro3 o9 doy do; do,

e  Parameter that defines the thickness of the plate solid model. This parameter is defined
according to the physician specifications, and usually the value is 2 mm, but it can be
set up as required.



Materials 2023, 16, 5409

10 of 14

alpha

~

x ) Arc surface
gupporting distances ds RA@WE Arc /
d

\._J ¥

""""""""

circular arcs o—
\.-_/ Cif‘CUlar arc center

N
~

.y

t""‘ plate surface
M—(/

Figure 6. The additional geometry for the definition of the parametric plate model.

These four elements presented in (1) define the optimized parametric model of the
plate surface, which can be used when the parametric bone model is not defined, there are
not enough medical images available, or the images are of poor quality. Even where no
medical image is available, the initial plate model can be used as a template and then bent to
the requirements of the specific case (e.g., during surgery), thus making it personalized. In a
case of poor-quality or non-uniform X-ray image, bone and plate geometrical models can be
used as FFD templates. Surgeons can use these models to tailor the plate to the patient bone
by scaling to the overall X-ray image in AP or normal plane during pre-operative planning.
It is important to note that for adequate reading of the defined parameters during X-ray
imaging, it is important to use etalon for dimension scaling, or to use the bone FFD model
to scale the dimensions. The good thing is that when the parametric humerus model is
finished, the workflow can include both models (plate and bone) for complete process
automation, from medical imaging to manufacturing process definition.

The material model is the simplest, and it refers to material selection and the definition
of its characteristics. This model is defined by the purpose of the resulting manufactured
model, i.e., if it is for presentation or education, then plain PLA, ABS or PA material can be
used for plastic prototypes [34,35], but if it is for the actual application in a specific clinical
case, then titanium alloys [36] or stainless steel [37] can be defined with different additive
technologies such as Selective Laser Sintering (SLS), Selective Laser Melting (SLM), Electron
Beam Melting (EBM), etc. The manufacturing model follows the material model, and it is
the final model defined in CAM software. This refers to the specifications designated for
3D printer slicer or G-Code for cutting.

The defined parametric model was used with the patient’s X-ray image described in [1]
(anonymous data, from Clinical Center Nis, only for testing and presentation purposes).
The procedure for PPI application to create personalized plate model follows:

1.  The defined PPI model was adapted (scaled) to fit the dimensions of the scanned
bone.

2. Instead of etalon, the FFD bone model with known dimensions was scaled to the

X-ray image in the AP (Anterior—Posterior) plane. For the initial testing, this is quite

satisfactory.

The ROI points were collected, and distances were calculated.

The angles for circular arcs were applied to define curves lengths.

The personalized plate surface model was created.

A thickness of 2 mm was added and plate model was created, as shown in Figure 7a.

AR
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Figure 7. Prototype production: (a) personalized 3D plate solid model; (b) 3D printing process; (c) bone

and plate model assembly.

As a potential methodology for production FFF printing was chosen. Cura software
(v5, free software) was used as a slicer for FFF printing. Considering the available tech-
nologies, the plate and bone models were printed using CreatBot DX Plus 3D printer
(FFF—, ABS, infill 90%, layer thickness: 0.1 mm, with support structure), as shown in
Figure 7b,c. The material was PLA, and production time was 13 h 5 min for bone, and
1 h 10 min for plate, very close to the printing time demonstrated in [1], which is another
proof of the method validity. The plate model was fine-tuned to align with the shape and
anatomical characteristics of the bone. In situations where a metal implant is required,
alternative additive technologies such as Direct Metal Laser Sintering (DMLS) can be uti-
lized. DMLS allows for the precise laser sintering of metal powder, providing a suitable
method for fabricating the implant. Alternatively, conventional machining techniques such
as forging can be employed. These production processes enable the customization of plate
implants, facilitating their direct insertion into the patient’s body during surgery. This
integration of pre-operative planning and surgical intervention with personalized plate
implants significantly contributes to improved patient recovery outcomes.

3. Conclusions

In this paper, two approaches, curve-based and SubD meshing, for developing an
PPI LCP extra-articular distal humerus plate model were improved and presented together
with a procedure for developing and applying the optimized parametric plate model.
Both approaches enable the creation of a surface and solid plate model, which can be
adjusted to a specific patient’s bone. The idea of this study was not to compare these
methodologies to the existing reverse engineering techniques, because if enough work is
applied, these models can be formed with near zero deviation, but to show the possibility
for geometrical deformability of the resulting models and their adaptation to the specific
bone. Both improved methods are completely applicable at the current research stage, as
demonstrated in the paper. The PPI LCP plate model can be modified and customized using
these processes to align with the specific bone geometry and anatomical needs of the clinical
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case. This ensures that the plate implant is precisely tailored to meet the requirements of
the individual patient. The formation of an optimized parametric plate model is presented
to show how one geometrically simpler model can be formed and still used in education
or clinical situations but, with additional consideration concerning usability, i.e., possible
further bending during surgery may be required. In future work, a significant improvement
will be implemented by introducing a parametric humerus bone model. This model will
allow the materialization of a patient-specific (personalized) bone model. By incorporating
this additional component into the methodology, the contact surface model will be fully and
automatically adapted to the patient’s unique bone structure. Consequently, an optimized
parametric plate model can be generated, resulting in enhanced geometrical and anatomical
accuracy. The methodology can and should be applied to soft tissue remodeling, which
is a very complex and dynamic structure. To enable soft tissue remodeling, we must add
different properties, i.e., use CPF to define the complex model of the “complex” soft tissue
entity. The presented advancements and potential for future upgrades can improve patient
treatment and facilitate a smoother recovery process.

Author Contributions: Conceptualization, N.V. and J.R.S.; methodology, N.V. and N.K.; software:
A.P. and AI-A.-D.; validation, J.R.S. and R.P; formal analysis: A.P. and A.I-A.-D.; investigation,
J.RS., EG,, and R.P; resources, N.V. and J.R.S; data curation, E.T. and N.K.; writing—original draft
preparation, N.V. and J.R.S.; writing—review and editing, N.V.,, R.P,, and EG.; visualization, N.V.,
E.T.,, and N.K;; supervision, N.K. and R.P; project administration, N.V. and R.P. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was financially supported by the ERASMUS+ project “Collaborative
e-platform for innovation and educational enhancement in medical engineering”—CALLME. Project
Reference: 2022-1-RO01-KA220-HED-000087703; by the EEA and Norway Grant, with the project
title “European network for 3D printing of biomimetic mechatronic systems”—EMERALD—21-COP-
0019/ contract no. 541/15.02.2022; and by the Ministry of Science, Technological Development and
Innovation of the Republic of Serbia (contract no. 451-03-47/2023-01/200109).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

Vitkovi¢, N.; Trajanovi¢, M.; Arandelovi¢, J.; Pacurar, R.; Borzan, C. Contact Surface Model Parameterization of the Ex-tra-
Articular Distal Humerus Plate. In Advances in Manufacturing III. MANUFACTURING 2022; Gorski, F., Rychlik, M., Pacurar, R.,
Eds.; Lecture Notes in Mechanical Engineering; Springer: Cham, Switzerland, 2022. [CrossRef]

Hadeed, A.; Werntz, R.L.; Varacallo, M. External Fixation Principles and Overview. In StatPearls; StatPearls Publishing: Treasure
Island, FL, USA, 2023. Available online: https://www.ncbi.nlm.nih.gov/books/NBK547694/ (accessed on 15 June 2023).
Lotzien, S.; Hoberg, C.; Rausch, V,; Rosteius, T.; Schildhauer, T.; Gessmann, J. Open reduction and internal fixation of humeral
midshaft fractures: Anterior versus posterior plate fixation. BMC Musculoskelet. Disord. 2019, 20, 527. [CrossRef] [PubMed]
Amer, KM.; Kurland, A M.; Smith, B.; Abdo, Z.; Amer, R.; Vosbikian, M.M.; Ahmed, I.H. Intramedullary Nailing Versus Plate
Fixation for Humeral Shaft Fractures: A Systematic Review and Meta-Analysis. Arch. Bone Jt. Surg. 2022, 10, 661-667. [CrossRef]
Musuvathy, S.; Azernikov, S.; Fang, T. Semi-automatic customization of internal fracture fixation plates. In Proceedings of the
2011 Annual International Conference of the IEEE Engineering in Medicine and Biology Society, EMBC, Boston, MA, USA, 30
August-3 September 2011; pp. 595-598. [CrossRef]

Vitkovic, N.; Radovic, L.; Trajanovic, M.; Manic, M. 3d point cloud model of human bio form created by the application of
geometric morphometrics and method of anatomical features: Human tibia example. Filomat 2019, 33, 1217-1225. [CrossRef]
Rashid, M.M.; Husain, K.N.; Vitkovi¢, N.; Mani¢, M.; Trajanovi¢, M.; Mitkovi¢, M.B.; Mitkovi¢, M.M. Geometrical Model Creation
Methods for Human Humerus Bone and Modified Cloverleaf Plate. J. Sci. Ind. Res. 2017, 76, 631-639.

Filippi, S.; Motyl, B.; Bandera, C. Analysis of existing methods for 3D modelling of femurs starting from two orthogonal images
and development of a script for a commercial software package. Comput. Methods Programs Biomed. 2008, 89, 76-82. [CrossRef]
Chenna, Y.N.D.; Ghassemi, P.; Pfefer, T.].; Casamento, ].; Wang, Q. Free-Form Deformation Approach for Registration of Visible
and Infrared Facial Images in Fever Screening. Sensors 2018, 18, 125. [CrossRef]


https://doi.org/10.1007/978-3-030-99769-4_7
https://www.ncbi.nlm.nih.gov/books/NBK547694/
https://doi.org/10.1186/s12891-019-2888-2
https://www.ncbi.nlm.nih.gov/pubmed/31707990
https://doi.org/10.22038/abjs.2021.59413.2947
https://doi.org/10.1109/iembs.2011.6090132
https://doi.org/10.2298/FIL1904217V
https://doi.org/10.1016/j.cmpb.2007.10.011
https://doi.org/10.3390/s18010125

Materials 2023, 16, 5409 13 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.
26.

27.
28.

29.
30.

31.
32.

33.

34.

35.

Nolte, D.; Xie, S.; Bull, A.M.]J. 3D shape reconstruction of the femur from planar X-ray images using statistical shape and
appearance models. Biomed. Eng. Online 2023, 22, 30. [CrossRef]

Nolte, D.; Ko, S.-T.; Bull, A.M.; Kedgley, A.E. Reconstruction of the lower limb bones from digitised anatomical landmarks using
statistical shape modelling. Gait Posture 2020, 77, 269-275. [CrossRef]

Cavojské, J.; Petrasch, J.; Mattern, D.; Lehmann, N.J.; Voisard, A.; Bottcher, P. Estimating and abstracting the 3D structure of feline
bones using neural networks on X-ray (2D) images. Commun. Biol. 2020, 3, 337. [CrossRef]

Shiode, R.; Kabashima, M.; Hiasa, Y.; Oka, K.; Murase, T.; Sato, Y.; Otake, Y. 2D-3D reconstruction of distal forearm bone from
actual X-ray images of the wrist using convolutional neural networks. Sci. Rep. 2021, 11, 15249. [CrossRef]

Khalid, M.U.; Saeed, K.M.; Javed, M.B.; Akhtar, M.; Gillani, S.F.U.H.S. Comparison of locking compression plate and dynamic
compression plate with cancellous bone graft in treating non-union of humeral shaft fractures. Ann. King Edw. Med. Univ. Lahore
Pak. 2019, 25, 910-915.

Null, N. LCP Versus LISS in the Treatment of Open and Closed Distal Femur Fractures: Does it Make a Difference? |. Orthop.
Trauma 2016, 30, €212—-e216. [CrossRef]

Koch, D.W,; Johnson, ].W.; Smith, Q.E.; Brekhus, C.; Gadomski, B.C.; Palmer, R.H.; Easley, ].T.; Nelson, B.B. Biomechanical
evaluation of interlocking nail and locking compression plating for stabilization of ovine critical-sized segmental tibia defects.
Ann. Transl. Med. 2023, 11, 258. [CrossRef]

Zha, Y.; Hua, K; Huan, Y.; Chen, C.; Sun, W.; Ji, S.; Xiao, D.; Gong, M.; Jiang, X. Biomechanical comparison of three internal
fixation configurations for low transcondylar fractures of the distal humerus. Injury 2022, 54, 362-369. [CrossRef]

Ziegler, P.; Maier, S.; Stockle, U.; Giihring, M.; Stuby, EM. The Treatment of Proximal Humerus Fracture Using Internal Fixation
with Fixed-angle Plates. Dtsch. Arzteblatt Int. 2019, 116, 757-763. [CrossRef]

Rashid, M.; Husain, K.; Vitkovi¢, N.; Mani¢, M.; Petrovi¢, S. Towards patient specific plate implants for the human long bones: A
distal humerus example. Facta Univ. Series: Mech. Eng. 2018, 16, 347-357. [CrossRef]

Walsh, S.; Reindl, R.; Harvey, E; Berry, G.; Beckman, L.; Steffen, T. Biomechanical comparison of a unique locking plate versus
a standard plate for internal fixation of proximal humerus fractures in a cadaveric model. Clin. Biomech. 2006, 21, 1027-1031.
[CrossRef] [PubMed]

Omid, R.; Trasolini, N.A.; Stone, M.A.; Namdari, S. Principles of Locking Plate Fixation of Proximal Humerus Fractures. . Am.
Acad. Orthop. Surg. 2021, 29, e523-e535. [CrossRef]

Lim, J.; Yoon, T.; Choi, Y.; Lee, H.; Chun, Y. Biomechanical evaluation of a modified proximal humeral locking plate application
for distal extra-articular diaphyseal humeral fractures. J. Orthop. Res. 2020, 39, 1877-1883. [CrossRef]

Bégué, T. Articular fractures of the distal humerus. Orthop. Traumatol. Surg. Res. 2014, 100, S55-S63. [CrossRef] [PubMed]
Xiong, G.; Bhashyam, R.A. Concise Review on Surgical Fixation of Distal Humerus Fractures. Orthop. |. Harv. Med. Sch. 2020, 21,
68-72.

AO Foundation. Plate fixation and Open Reduction. Available online: https://www.aofoundation.org/ (accessed on 1 July 2023).
Scolaro, J.A.; Hsu, J.E.; Svach, D.]J.; Mehta, S. Plate selection for fixation of extra-articular distal humerus fractures: A biomechanical
comparison of three different implants. Injury 2014, 45, 2040-2044. [CrossRef] [PubMed]

Pilliar, R M. Metallic Biomaterials. In Biomedical Materials; Narayan, R., Ed.; Springer: Cham, Switzerland, 2021. [CrossRef]
Jahan, A.; Edwards, K.L. A state-of-the-art survey on the influence of normalization techniques in ranking: Improving the
materials selection process in engineering design. Mater. Des. 2015, 65, 335-342. [CrossRef]

Nomura, N. Artificial organs: Recent progress in metals and ceramics. J. Artif. Organs 2010, 13, 10-12. [CrossRef] [PubMed]
Vitkovié, N.; Korunovié¢, N.; Arandelovi¢, J.; Miltenovié, A.; Peri¢, M. Remodeling of complex surface patches by using the
method of characteristic features—The ski shoe heel lip example. Innov. Mech. Eng. 2022, 1, 96-105.

Osiris, C.J.; Trajanovic, M. Personalized Orthopedics; Springer: Cham, Switzerland, 2023; 553p, ISBN 978-3-030-98278-2. [CrossRef]
AO Surgical Reference. Available online: https://surgeryreference.aofoundation.org/orthopedic-trauma/adult-trauma /distal-
humerus/extraarticular-simple-oblique/ orif-lag-screw-with-neutralization-plate (accessed on 1 July 2023).

Scolaro, J.A.; Voleti, P; Makani, A.; Namdari, S.; Mirza, A.; Mehta, S. Surgical fixation of extra-articular distal humerus fractures
with a posterolateral plate through a triceps-reflecting technique. J. Shoulder Elb. Surg. 2013, 23, 251-257. [CrossRef]
Maszybrocka, J.; Dworak, M.; Nowakowska, G.; Osak, P.; Losiewicz, B. The Influence of the Gradient Infill of PLA Samples
Produced with the FDM Technique on Their Mechanical Properties. Materials 2022, 15, 1304. [CrossRef]

Pacurar, R.; Berce, P; Petrilak, A.; Nemes, O.; Borzan, C.5.M.; Harni¢arova, M.; Pacurar, A. Selective Laser Sintering of PA 2200
for Hip Implant Applications: Finite Element Analysis, Process Optimization, Morphological and Mechanical Characterization.
Materials 2021, 14, 4240. [CrossRef]


https://doi.org/10.1186/s12938-023-01093-z
https://doi.org/10.1016/j.gaitpost.2020.02.010
https://doi.org/10.1038/s42003-020-1057-3
https://doi.org/10.1038/s41598-021-94634-2
https://doi.org/10.1097/bot.0000000000000507
https://doi.org/10.21037/atm-22-4886
https://doi.org/10.1016/j.injury.2022.10.025
https://doi.org/10.3238/arztebl.2019.0757
https://doi.org/10.22190/FUME170612027R
https://doi.org/10.1016/j.clinbiomech.2006.06.005
https://www.ncbi.nlm.nih.gov/pubmed/16919375
https://doi.org/10.5435/JAAOS-D-20-00558
https://doi.org/10.1002/jor.24925
https://doi.org/10.1016/j.otsr.2013.11.002
https://www.ncbi.nlm.nih.gov/pubmed/24461911
https://www.aofoundation.org/
https://doi.org/10.1016/j.injury.2014.08.036
https://www.ncbi.nlm.nih.gov/pubmed/25249244
https://doi.org/10.1007/978-3-030-49206-9_1
https://doi.org/10.1016/j.matdes.2014.09.022
https://doi.org/10.1007/s10047-010-0487-y
https://www.ncbi.nlm.nih.gov/pubmed/20155294
https://doi.org/10.1007/978-3-030-98279-9
https://surgeryreference.aofoundation.org/orthopedic-trauma/adult-trauma/distal-humerus/extraarticular-simple-oblique/orif-lag-screw-with-neutralization-plate
https://surgeryreference.aofoundation.org/orthopedic-trauma/adult-trauma/distal-humerus/extraarticular-simple-oblique/orif-lag-screw-with-neutralization-plate
https://doi.org/10.1016/j.jse.2013.09.020
https://doi.org/10.3390/ma15041304
https://doi.org/10.3390/ma14154240

Materials 2023, 16, 5409 14 of 14

36. Ghods, S.; Schur, R.; Montelione, A.; Schleusener, R.; Arola, D.D.; Ramulu, M. Importance of Build Design Parameters to the
Fatigue Strength of Ti6Al4V in Electron Beam Melting Additive Manufacturing. Materials 2022, 15, 5617. [CrossRef]

37. Bassis, M.; Ron, T.; Leon, A.; Kotliar, A.; Kotliar, R.; Shirizly, A.; Aghion, E. The Influence of Intralayer Porosity and Phase
Transition on Corrosion Fatigue of Additively Manufactured 316L Stainless Steel Obtained by Direct Energy Deposition Process.
Materials 2022, 15, 5481. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/ma15165617
https://doi.org/10.3390/ma15165481

	Introduction 
	Materials and Methods 
	Creation of PPI LCP Models 
	The Improved Curve Based and Subdivision Surface-Based Methodologies 
	CPF Methodology for the Creation of Additional Models and Process Workflow 

	Conclusions 
	References

