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Abstract

Proximal humerus fractures are becoming more common due
to the aging of the population, and more related scientific
research is also emerging. Biomechanical studies attempt to
optimize treatments, taking into consideration the factors
involved, to obtain the best possible treatment scenario. To
achieve this, the use of finite element analysis (FEA) is
necessary, to experiment with situations that are difficult to
replicate, and which are sometimes unethical. Furthermore,
low costs and time requirements make FEA the perfect choice
for biomechanical studies. Part of the complete process of an
FEA involves three-dimensional (3D) bone modeling,
mechanical properties assignment, and meshing the bone
model to be analyzed. Due to the lack of standardization for
bone modeling, properties assignment, and the meshing
processes, this article aims to review the most widely used
techniques to model the proximal humerus bone, according to
its anatomy, for FEA. This study also seeks to understand the
knowledge and bias behind mechanical properties assignment
for bone, and the similarities/differences in mesh properties
used in previous FEA studies of the proximal humerus. The
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best ways to achieve these processes, according to the
evidence, will be analyzed and discussed, seeking to obtain
the most accurate results for FEA simulations.

Keywords

Proximal Humerus; Finite Element Analysis; Bone Model;
Humerus  Anatomy; Proximal Humerus Mechanical
Properties; Meshing Properties

Introduction

Fracture of the proximal humerus is becoming one of the most
common injuries among the elderly and is related to
osteoporosis, which deteriorates the microstructure of the bone
and decreases its bone mass [1-5]. Fracture risk will increase
with population aging [6-8]: the changes that come with the
biological aging process make the elderly more susceptible to
suffering a fracture given that falls arethe major risk factor for
this group, along with osteoporosis [9-12].

The treatment for this type of fracture is still debatable, due to
the fracture/patient factors involved in the treatment decision
process, and the high complication rates of surgical
treatments. The stability and displacement of the fracture, the
bone mineral density, the fracture pattern, and the age and
comorbidities of the patient are some of the factors to
consider for the proper selection of treatment [3,4,13-15].
The potential poor outcomes of surgical treatments include
non-union, varus collapse, screw-cut, loss of reduction,
avascular necrosis, and the need for reoperation [14,16,17].

Therefore, computational biomechanical studies have become
more common, which try to solve and validate the different
aspects of fracture treatments and enhance their outcomes
through finite element analysis (FEA), providing a fast and
low-cost experimentation technique and, most importantly,
helping to prevent premature failures through fracture/treatment
behavior analysis via three-dimensional (3D) models. An FEA
can provide information on realistic bone behavior in specific

3 www.videleaf.com



Prime Archives in Applied Sciences

scenarios through a three-dimensional simulation, as long as the
mesh parameters, constraints, and mechanical properties are
properly selected, especially for the bone [18,19].

Nevertheless, discrepancies exist between studies due to the
lack of standards for the characterization of the bone model,
including in proximal humerus studies. Each researcher uses
different bone material properties and natures; for instance, there
are studies were the orthotropic nature is preferred for the bone
[20,21], while others use the isotropic nature [3,5,22-28], even
when anisotropy is the actual nature of bone tissues. The
research papers also differ in their modeling technique. Some
researchers consider the bone as a solid and “homogeneous”
model, without distinguishing between the different bone
tissue [25,26], while other studies use a threshold to separate
cancellous and cortical bone in order to maintain real bone
structure in their model [3,5,20,29-31]. What is more, each
researcher uses dissimilar meshing parameters for their FEA
bone models—crucial parameters for the accuracy of
outcomes, which vary from the type of element to the
element’s edge length.

Hence, this article aims to review the most used bone
characterization techniques for the proximal humerus in FEA
biomechanical studies, analyzing the different aspects of the
modeling process, from bone geometry simplification to the
most used mesh parameters. The strengths and limitations of
these FEA characterization techniques will also be reviewed,
starting from the most basic knowledge you must possess about
the proximal humerus to be able to apply them, and considering
how to achieve the best and closest-to-reality results from an
FEA through the use of revised techniques.

Proximal Humerus Anatomy and Bone
Composition
Bone Shape

Knowledge of the bone anatomy you are working with is a
critical part of the modeling process, as the virtual
representation must be as close to reality as possible to
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achieve accurate results. For instance, knowing the composition
of the proximal humerus allows one to understand and represent
the different types of fracture patterns in an FEA, as well as
knowing where the bone should be fixed and where loads should
be applied to obtain a good representation of a real-life situation
or a particular experimental setting [18,32,33].

The geometry of the proximal humerus can be classified into
four main sections: the humeral head (articular surface), greater
and lesser tuberosities, and the humeral shaft (Figure 1). The
humeral head articulates with the glenoid cavity to form the
glenohumeral joint, which is the main joint of the shoulder’s
joint system (glenohumeral, acromioclavicular, scapulothoracic,
and sternoclavicular joints) and allows shoulder movement. The
humeral head has a curvature diameter between 37.1 and 58 mm
[34,35]. The tuberosities function to attach the rotator cuff
tendons, and the distance from the highest point of the humeral
head to the top of the greater tuberosity is usually an average of
8 +/— 3.2 mm [36-38].

These sections were used to create the proximal humerus
classification systems that we still use today, such as the Neer
Classification from 1979 [39], Hertel’s binary description for
proximal humerus fractures [40], and the AO
Foundation/Orthopedic Trauma Association (AO/OTA)
classification, the latter of which is one of the most recent and
detailed classifications [41]. Other important sections of the
proximal humerus are the anatomical and surgical neck: the
anatomical neck is the bony portion where the humeral head
and the humeral shaft meet, and the surgical neck is the
section just below both tuberosities. The bicipital groove
separates the greater tuberosity from the lesser one, and is
where the long head of the biceps runs to the shoulder joint
[4,36,37].
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Figure 1: Proximal humerus anatomy, sectioned by colors: the humeral head
(blue), greater (green) andlesser (red) tuberosities, anatomical neck (magenta),
surgical neck (yellow), and humeral shaft (cyan).

Muscles, Tendons, and Movements

As well as the main parts of the proximal humerus anatomy,
the forces that the muscles and tendons generate on the bone
are equally important when running an FEA, since they are
responsible for the movement of the bone in the simulation and
the reaction forces caused by the combination of these loads,
which allow us to perform multiple analyses using an FEA.
Thus, knowing which muscleand tendons have an effect on the
bone, and to what magnitude depending on the specific
movement, grants us the ability to replicate the behavior of a
real patient in a simulation.
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The proximal humerus is constantly subjected to torsion,
compression, flexion, tension, and the combination of these,
caused by combined forces and torques induced by the
muscles and tendons attached to it (Figure 2), allowing
shoulder movement and establishing the movement nrange.
The humeral shaft is attached to the deltoid and pectoralis
major. Attached to the greater tuberosityare the supraspinatus,
infraspinatus, and teres minor, and positioned superior,
posterosuperior, and posterior, respectively. For the lesser
tuberosity, only the subscapularis is attached [13,16,36,37,42].

The balance between the deltoid and rotator cuff
(supraspinatus, infraspinatus, subscapularis, supraspinatus,
and teres minor) provides the correct variable forces to move
the arm naturally.

If we isolate the natural movements of the shoulder, we obtain
three main movements and their counter-movements. First, we
have the flexion and extension movements, which consist of
raising the limb forward and backward from the sagittal plane,
respectively. The supraspinatus and infraspinatus have
significant roles in flexion, unlike in extension where the
subscapularis does the work [43]. Then, there is abduction and
adduction, which are the movement of the limb away and
towards the midplane of the coronal plane, respectively. For
abduction, the use of the muscle and tendon will vary
depending on the elevation angle. The supraspinatus has a
greater impact at the beginning of the elevation, then the
deltoid becomes more significant. In adduction, the pectoralis
major does the work [44]. Finally, internal/external rotation
consists of arm rotation towards/away from the centerline of the
coronal plane. The muscles and tendons used in external rotation
are the infraspinatus and teres minor. In the counterpart
movement, the internal rotation uses the subscapularis and
pectoralis major most [45]. This series of movements is
generally used to study the progress of rehabilitation, but also for
biomechanical analysis and experimentation.
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Figure 2: Position of the different muscles attached to the proximal humerus
that allow the movement of the arm. The described muscles are the
supraspinatus (blue), infraspinatus (green), teres minor (red), subscapularis
(yellow), and pectoralis major (magenta).

Bone Composition: Proximal Humerus

As a long bone, the proximal humerus is composed
macroscopically of cancellous bone and corticalbone (Figure 3).
The proportions between them will always vary, depending on
age, comorbidities, bone diseases, and so forth. The cortical
bone forms the external cortex of the bone, and can be found in
the shafts (diaphysis) of long bones. Its porosity is low, being a
more compact and dense bone tissue, varying from 5% to 30%.
Almost 80% of the body’s total bone mass is cortical bone. On
the contrary, cancellous bone is less dense, with porosity of up to
90%, being softer and more flexible than cortical tissue [18].

8 www.videleaf.com



Prime Archives in Applied Sciences

Cancellous
Bone

Cortical
Bone

Figure 3: Bone composition of the proximal humerus: the thickest cortical
bone (contour) can be found on the shaft and begins to get thinner towards the
humeral head, whereas the humeral head is mainly made of cancellous bone
covered with a thin cortical bone layer.

The shaft of the proximal humerus is mainly cortical bone,
and shows the highest bone mineral density (BMD) values of
the proximal humerus due to its compactness and thickness.
However, its thickness gradually decreases towards the
humeral head [4]. The humeral head is made primarily of
cancellous bone, covered by a thin layer of cortical bone as a
cortex [3,4,16].

Biomechanical FEA Studies for Proximal
Humerus Fractures

According to the recent literature, most proximal humerus
fracture studies using FEA tend to investigate factors
involving open reduction and internal fixation (ORIF)
treatment with a locking plate [5,28-31,33], due to the
popularity of the treatment in the last few years, and also because
of the high failure rate it has. Biomechanical studies turn around
this treatment, investigating either the bone behavior or the
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effects of the locking plate configuration (Table 1); in any case,
the interaction of bothis relevant.

Table 1: Comparison of characteristics from recent studies of the proximal
humerus, considering the objective of the study, type of fracture evaluated,
and mechanical test applied.

Reference

Study’s Aim

Type of
Fracture
Studied

Mechanical
Test

Mischler et al.
[31]

Optimize the proximal
humerus open reduction
and internal fixation
(ORIF) treatment locking
plate by changing the
orientation of the plate
SCrews.

3-part

Abduction
and flexion

Dahan et al.

(3]

Predict performance load
and baseline location of an
anatomical neck fracture
using finite element
analysis (FEA).

2-part

Compression

Fletcher et al.
[30]

Investigate and quantify the
effect of ORIF locking
plate screw configuration
on failure risk prediction of
the fracture fixation.

3-part

Abduction
and flexion

Fletcher et al.
[29]

Investigate the effect of the
position (proximal-distal)
variations of the ORIF
locking plate on failure risk
prediction of the fracture
fixation.

3-part

Abduction
and flexion

Jabran et al.
[28]

Optimize the proximal
humerus locking plate
parametric design by
determining the orientation
of the inferomedial ORIF
locking plate screws.

2-part

Bending

Inzana et al.
[33]

Develop and evaluate an
FEA technique to
approximate the behavior
of a threaded screw using a
cylinder in ORIF.

3-part

Bending

Zhang et al.
(5]

Investigate the effect of the
screw hole style design on
the locking plate stress
distribution in ORIF.

2-part

Compression

10
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The predominant studies are those that evaluate the effect of a
parameter, be it the bone or thelocking plate; for example, the
locking plate position [29], the screw hole style [5], and the
insertionangle of the screws [31], among others. Each of these
studies aims for treatment optimization and/or failure risk
prediction. There are also other types of proximal humerus
fracture studies, such as those who study the nature of a fracture
itself, like the research by Dahan et al. [3]. A comparison is
presentedin Table 1.

Since a proximal humerus fracture can be presented in several
forms, it is difficult to consider them all in one specific study,
mainly due to the scope of the projects. That is why almost all
studies of this type are limited to a single fracture pattern. Today,
the majority of researchers are investigating proximal humerus
3-part fractures [15,29-31,33,46], because of the actual
recurrence of the pattern in the clinical field [2,17,36,47,48].
The 3-part fracture (AO/OTA 11B1.1) mostly involves the
surgical neck and greater tuberosity. The 2-part fracture
(AO/OTA 11A2.1) patterns involving the surgical neck are not
as relevant as they once were, but can still be useful for some
researchers, considering the simplicity of the fracture pattern; for
example, the studies by Jabran et al. [28], Zhang et al. [5], Dahan
et al. [3], and Mendoza-Mufioz et al. [49]. The 2-part fracture is
considered a simple fracture because only one bone segment is
displaced from the rest of the bone, and usually the fracture
occurs in the surgical neck; on the other hand, even though 3-
part fractures commonly involve the surgical neck as well,
there are two displaced segments instead of one. As Neer
suggested, a 3-part fracture will mainly involve the surgical
neck and the lesser or greater tubercle [36,39,41].

Mechanical tests in this type of study will always attempt to
replicate natural shoulder movements involving the muscle-
tendons forces and torques, or involve a specific exercise with
external loads acting on the shoulder; this depends on the
particular study objectives (Table 1). For veracity of thestudy
results, the selected mechanical test must be validated before
running a simulation. Preferable mechanical tests to evaluate
the proximal humerus or the locking plate are bending,
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compression, and torsion [16,50], and sometimes a
combination of them. However, in the literature we found
everything from the simplest compression test, with just an
axial load applied, to the most complex, considering all the
muscles and tendons that affect the proximal humerus at
different magnitudes for each simulated movement. The
research run by Rdderer et al. [51] is generally used to
validate compression studies, as well as the study by Unger et
al. [52], who physically tested a fractured proximal humerus
with ORIF under a bending and axial rotation test setup. The
review carried out by Mendoza-Mufoz et al. [53] shows
another perspective of FEA studies of the proximal humerus
withlocking plates.

Simplification of the Geometry Characteristics
of the Bone

The bone is an anisotropic material, which means that its
mechanical properties will vary depending on the applied load
direction [1,54,55]. This bone structure makes it difficult to
simulate its behavior in FEA, which forces researchers to
simplify the bone 3D model characteristics for their studies, to
study the bone as a “conventional” material. Perren stated that
bone anisotropy is not significant in ORIF, so it can be ignored
when treating bone as a material [55]. The literature corroborates
this, showing that using isotropic material properties for the
bone is sufficient for analysis under simple loads [3,5,23-
26,28,30,54,56].

In the specific case of the proximal humerus, model
simplification will vary depending on the research objectives and
resources. Three forms of modeling are commonly used. The
first is the easiest, but the least close to reality. It consists of a
complete solid model of the humerus, without distinguishing
between cancellous and cortical bone (Figure 4A). An example
of this approach is the 3D models used in the research by
Chaudhry et al. and Shaikh et al. [25,26]. The next method,
which is less common, consists of two main parts: the
diaphysis and the humeral head, where the humeral head is
completely solid considering that it is almost all cancellous
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bone, and the diaphysis is empty due to the medullary cavity
(Figure 4B). This type of model was used in the study by Jabran
et al. [28], although he did not distiguish between the cancellous
and cortical tissues, since he assigned the same elastic modulus
for both sections (humeral head and diaphysis). The third and
last form is the most complex due to cancellous bone variability,
and is the most similar to a real bone. The cortical and
cancellous bone tissues are separated, and each one has its
own mechanical properties (Figure 4C). The differentiation of
these tissues can be achieved by establishing a threshold
according to the density of each tissue, identifying each one with
the help of software such as Mimics 17.0 (Materialise, Belgium),
PTC Creo 2.0 (Parametric Technologies Corp., Needham,
MA, USA), MATLAB (MathWorks, USA), or the filling
algorithm [32] implemented in Medtool 3.8 (Dr. Pahr
Ingenieurs e.U., Austria). However, it is sometimes difficult to
identify the diffuse boundaries of the cancellous bone, and it
takes experience and time to achieve an acceptable model. This
last type of humerus model can be found in the studies by
Dahan et al. [3], Fletcher et al. [29,30], Mischler et al. [31],
Zhang et al. [5], and Zhao et al. [20].

Figure 4: Different types of proximal humerus modeling for finite element
analysis (FEA). Model (A) consists of a completely solid bone without
distinguishing the cortical bone from the cancellous bone. The second model
(B) has an empty shaft due to the medullary cavity, and a solid humeral head
that ignores the thin cortical cover. The third model (C) differentiates the
cortical bone from the cancellous bone by establishing a threshold according to
the density of each tissue.
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The accuracy of the FEA results obtained with each model
simplification technique cannot be directly compared, since the
geometry of the model is only one factor in a multifactorial
system such as FEA, and there is no standard procedure for this
process; furthermore, the studies differ in the metrics used,
mechanical tests, and objetives. Therefore, the simpliest way
to evaluate the effectiviness of the model simplification
technique is through the words of the researcher, comparing
their model with the literature or a physical validation test.
Thus, it can be seen that the use of a solid proximal humerus
model, without distinguishing bone tissues, as used by
Chaundry et al. [25], shows minimal levels of bone stress
compared to the literature. This is as expected, as it is the
farthest model from an actual bone, and the model was not
validated with a physical test. The model simplificationof a
solid humeral head and empty diaphysis, such as the one that
Jabran et al. [28] used in their study, shows better results,
even when the mechanical properties were treated the same as
for the whole bone. The bone model could be validated with
an in vitro test, taking as reference the bending load of the
bone and achieving an FEA bone bending load of 0.728%
less than in the physical test, as well as providing results
comparable to those of the literature. However, as expected,
the most widely used proximal humerus simplification model,
where both cancellous and cortical bone are distinguished,
shows the best results according to the validation tests of each
study. Firstly, in the study by Dahan et al. [3], who also
validated their model with an in vitro test, an excellent
correlation of R> = 0.982 for the bone strain in the FEA and in
vitro experiment was found. The studies carried out by Fletcher
et al. [29,30] and Mischler [31], which used a framework
specifically designed to optimize the FEA process for proximal
humerus fracture analyses treated with locking plates and
included the computational framework designed by Varga et
al. [42], also performed multiple validations of the proximal
humerus model offered in the framework, taking as reference the
strain around the the locking plate screws and obtaining very
high correlation values in two different test scenarios: R? = 0.904
and R?>= 0.99. Last but not least, the model used for the study
carried out by Zhao et al. [20], that was validated through an
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in vitro test using bone dissplacement as the validation metric,
obtained 3.46% and 5.69% for the tension and torsion tests,
respectively. A small displacement was found compared to the
in vitro test, however it showed the precision of the FEA bone
model used.

From Reality to 3D Model: Mechanical
Properties Assignment

When running a bone simulation, you should not only simplify
the geometry, but also the mechanical properties values. The
minimum required properties that a conventional material needs
for a mechanical simulation are the elastic modulus (E) and the
Poisson ratio (v), so they must be defined for both cortical and
cancellous bone tissues. The elastic modulus (1) is defined by
the relationship between stress (o) and strain (c) [50]. It is also a
measure of the material stiffness; that is, the higher the value of
the elastic modulus, the higher the stiffness.
O

o

E== ()

The Poisson’s ratio defines the relationship between
transverse and longitudinal deformation;that is, it describes the
behavior of the material perpendicular to the applied load [57].
These values must be subject-specific according to the research.
Units of the elastic modulus that are most used are GPa or MPa,
and the Poisson ratio has no units.

The Poisson ratio is the same for almost all metals as for bone,
and the literature shows that the preferred value for the Poisson
ratio is v = 03 [3,520,23,24,26,28,31,33,42,54,56,58].
Notwithstanding the agreement between studies, a few have
proposed a “slightly” different Poisson’s ratio around v= 0.3 for
bone tissues. For example, in the proximal femur fracture
research by Keyak and Falkinstein [59], they assumed v= 0.4
for their experimentation. Another femur study by Goshulak
et al. [24] used v = 0.26 for cortical bone. Chaudhry et al. [25]
and Shaikh et al. [26] used v = 0.33 for all bone mass values
(cortical and cancellous).
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Cortical Bone

The elastic modulus of cortical bone is easier to obtain than that
of cancellous bone, due to its high density and lower porosity. It
can be obtained directly from a mechanical test on a cadaveric
bone, or by converting the vBMD (volumetric bone mineral
density) values obtained from quantitative computer
tomography (QCT), expressed as grams of hydroxyapatite per
centimeter cubed (gHA/cm?3) [4,60]. The vBMD is calculated
from the measure obtained by the response of the QTC to the
phantom’s  calibrated regions, which are usually
concentrations of calcium hydroxiapatite (HA) and provide
equivalent denstinties to BMD in gHA/cm?® [58-60].

As explained before, we can find the thickest cortical bone in
the proximal humerus diaphysis. Therefore, to convert the
vBMD values to the elastic modulus, there are some equations in
the literature; for example, the most referenced equation
[30,31,33,42] is from the Dragomir-Daescu et al. study [56],
which is based on research by Morgan et al. [61], where the p

(gHA/cm3) is the equivalent density to the BMD value
obtained from the QTC, as seen in Equation (2).

E (MPa)=14,6640" (2)

Equation (3), of Yosibash et al. [54], is based on the studies by
Schileo et al. [58] and Keller [62]:

E (MPa) =10,200p>% 3)

The selection of the formula is based on the one that best suits
the particular study, or the use of both could be an option to
validate the results. Several studies already give the cortical
bone elastic modulus [5,20,33,55] as ranging from 12 to 20
GPa. A comparison of the values is shown in Table 2.
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Table 2: Elastic modulus (E) of the cortical bone used in the literature.

Reference Bone Studied Elastic Modulus, E (GPa)
Zhao et al. [20] Humerus 134
Inzana et al. [33] Humerus 17
Zhang et al. [5] Humerus 12

Perren [55] Humerus 20

Cancellous Bone

Cancellous bone is a more complex tissue due to its
aforementioned high porosity and variable density. Additionally,
the characteristics (comorbidities, age, bone diseases, gender) of
the studied patient affect the bone quality and mechanical
properties. Due to these factors, the BMD and elastic modulus
could have large variations depending on the subject or group of
people being studied.

As for cortical bone, the cancellous bone elastic modulus can be
obtained by converting the vBMD values. The literature
[30,31,33,42] shows that the same equation from Dragomir-
Daescu et al. [56] works for both cancellous and cortical tissues.
This is different from the Yosibash et al. formula, which
proposed two different equations if it was merely trabecular
bone, or a transition between cortical and cancellous bone.

In contrast, Yosibash et al. [54] proposed an equation and an
arbitrary elastic modulus value, both dependent on the vBMD (p,
gHA/cm?®) value. Equation (4) is for merely trabecular bone, and
the given elastic modulus (5) for the transition between cortical
and trabecular bone is:

If 0.3 < p <0.486, then E = 2,398 MPa, 4)
If p<0.3, then E(MPa) =33,900% )

For the humerus, depending on the study, a direct elastic
modulus value or a vBMD range could be used; generally,
when the study uses a range of vBMD values for cancellous
bone, it is specifically for the humeral head, because as
mentioned before, most of the humeral head is composed of
cancellous bone. In other matters, if an elastic modulus value is
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defined, it is used for all the cancellous bone in the humerus.
Table 3 shows the elastic modulus given for cancellous bone by
some researchers [5,20,33], ranging from 0.1 to 1.061 GPa.
Table 4 exhibits the vBMD values for the cancellous bone in the
humeral head, wused or measured in some studies
[4,30,31,42,51,63], with a range of 17.8-178.2 mgHA/cm?.

Table 3: Elastic modulus (E) of the cancellous bone used in the literature.

Reference Bone Studied Elastic Modulus, E
(GPa)

Zhao et al. [20] Humerus (Young bone) 2

Inzana et al. [33] Humerus (Old bone) 0.2-1

Zhang et al. [5] Humerus (Old bone) 0.1

Table 4: Bone mineral density (BMD) values used for cancellous bone in
the humeral head.

Reference Bone Studied vBMD (mgHA/cm3)
Mischler et al. [31] Humerus (Old bone) 46-135.1 (mean 91.1)
Fletcher et al. [30] 68.9-129.6 (mean 107.4)

Schliemann et al. [63] 17.8-130
Varga et al. [42] 68.9-178.2 (mean 121.7)
Kamer et al. [4] 26-152.4 (mean 82.3)
Roderer et al. [51] 109.8

Proximal Humerus Meshing Properties

The meshing process plays an important role in FEA: the time
consumption of the simulation and accuracy of results will
depend on the meshing quality and technique used. The mesh
itself functions as a visual representation of the object of
study, and shows its response to external loads. There is no
standard configuration for the mesh—it will vary according to
the investigator’s resources and knowledge, and the study’s
aims. The mesh is a computational grid composed of polyhedral
elements; nowadays, the types of elements most used are the 8-
noded hexahedra and 4-noded tetrahedra [64]. To sum up, the
quality of the mesh and the time needed will depend on the
aspect ratio of the element. The smaller the element size, the
higher the quality, but also the machine/human time will
increase [19,64].
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Meshing a bone is specifically difficult due to its imperfect
geometry; thus, some experience and skill may be required in
some cases. Sometimes, a combination of techniques is the best
option. To find the most used properties to mesh the proximal
humerus, the following parameters will be taken as a reference:
mesh type, element type, number of nodes, and element edge
length.

As seen in Table 5, the literature [3,20,27,28,31,33,42,65,66]
exhibits the great preference for tetrahedral mesh (C3D10) over
hexahedral mesh, and the quadratic element over the linear
element. Studies tend not to specify the number of nodes for
each element, but the number of total mesh elements, although
some studies report the use of 8- and 10-nodes. The element
edge length is usually about 0.85-5 mm, and fine mesh is
preferable for accurate results.

Table 5: Parameters used for meshing proximal humerus three-

dimensional (3D) models inbiomechanical studies.

Reference Mesh Element Number of | Element Edge
Type Type Nodes per Length (mm)
Element
Mischler et al. [31] | Tetrahedral Linear ~ (mean) 0.85
Tilton et al. [65] Quadratic ~ 1-5 (mean 1.5)
Dahan et al. [3] Quadratic ~ ~
Jabran et al. [28] Quadratic 10 1-15
Reeves et al. [66] Quadratic ~ 2
Varga et al. [42] Quadratic ~ 0.2-2
Zhao et al. [20] Quadratic 8 3
Inzana et al. [33] Quadratic ~ (mean) 0.97
Razfar et al. [27] Quadratic ~ 2

Discussion

It is evident that different researchers use different techniques
and properties to characterize the proximal humerus, but every
one of them follows the same basis. The techniques used
range from the simplest to the most complex, and are mainly
affected by the researcher’s resources, leading to attempts to
further simplify the bone characterization process.
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However, some characteristics are unavoidable in any study of
the proximal humerus, such as the bone anatomy, which has to
be the same in any model, unlike the bone geometry, which will
be specific to the patient of the study. The muscles cannot be
ignored but can be simplified, which generally occurs due to
the complexity of simulating their behavior. Researchers tend
to simplify the forces and torques generated from the muscle’s
attachments using force vectors and movement constraints. The
most accurate results would be obtained with the conditions
closest to reality. Thus, the best way to simulate natural
shoulder movements (abduction, flexion, internal rotation, etc.)
is to consider the muscles involved (supraspinatus,
infraspinatus, subscapularis, etc.), as well the joint reaction
forces generated, as in the research by Varga et al. [42].
However, this is not the only way. Bergmann et al. [67] validated
the use of a vector force in a coordinate system for flexion and
abduction in elderly subjects; later, this technique was replicated
in other studies, such as those by Razfar et al. [27], Reeves et al.
[66],and Dahan et al [3].

The bone composition of the proximal humerus is one of the
most modified and simplified characteristics in studies, due to
the anisotropic nature of bones. For the sake of the studies, the
use of isotropic nature has been validated and accepted for
biomechanics testing of the proximal humerus and other bones.
There are a few ways to simplify the humerus model bone
composition, such as makinga solid humerus model and using
the law of mixtures [68] for composite materials to combine
the properties of cortical and cancellous bone. This will not
give the best results, as there is no validation process and the
model differs substantially from a real bone. However, if
precision of the results is sought, the separation of both
tissues seems a better option and closer to reality, according
to the correlation values obtained from validation tests.

The assignment of mechanical properties, especially the
elastic modulus, will vary considerably between studies due to
the particularities of the subject-specific study model. There
are different formulas to convert vBMD values into the elastic
modulus. Some other proposed formulas were evaluated in a
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previous Yosibash et al. study [22], which concluded that the
best correlation to experimental observations was the Keyak
and Falkinstein equation [59] that he used for his proposal. The
Dragomir-Daescu et al. formula [56] also refers to the Keyak and
Falkinstein research, but is based primarily on the research by
Morgan et al. [61]. Most of the equations are well-validated,
regardless of whether they were mainly made for converting
the BDM values of the proximal femur into the elastic
modulus, and they have also been used in proximal humerus
research, such as that by Dahan et al. [3]and Inzana et al. [33].
It should be noted that no equation is definitive. The research
by Morgan et al. states that there is no single equation, nor
general elastic modulus-density relationship; they are only
approximations to reality, so their selection will depend on
which is more useful to the specific study and which gives
expected values compared to the study data or reference data.

For the mesh, the information collected does not show any
significant differences. Almost all researchers agree that the
tetrahedral mesh (C3D10) is better for testing the proximal
humerus. The element type is preferably quadratic rather than
linear for accurate results, with about eight or ten nodes per
element. Researchers tend to use fine meshes over coarse,
where the maximum length of the element is not more than 5
mm, and the total number of elements is an approximate mean of
640,000. The mesh should be model-specific. As studies have
shown, using a discretization method or refinement technique is
ideal. Most of the reviewed research coincides with the use of a
mesh convergence analysis, taking the strain and/or stiffness as
the convergence metrics. Another way to validate the mesh
configuration is to compare the results of the selected metric
with those obtained by using a p- and h-refinement method, as
Mischler et al. [31] did, to see how much it differs from the
original mesh and the correlation between them. In fact, all
studies have tended to look for a mesh that offers the best
solution time without compromising the accuracy of the results,
and the only way to achieve this is through experimentation with
the models and resources of your own.
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Conclusions

This review highlights the need for a characterization standard
for the proximal humerus modeling process; that is, a series of
parameters and model characteristics for the tridimensional bone
model, which has been shown to better represent the real
mechanical behavior of the proximal humerus and to be
applicable to any patient-specific model, regardless of the
geometry of the bone or the patient’s BMD, and finally, which
serves as a reference to compare results or validate FEA studies.
As noted, recent studies have been considering this too, but with
no clear path to follow. It is evident that most of the proximal
humerus studies have attempted to optimize ORIF treatment,
but without any standard in the modeling and testing processes,
it is difficult to compare results between studies. Furthermore,
the proximal humerus FEA studies do not share similar
characteristics of the 3D model, nor the mesh parameters
used. As explained before, the closer to reality the bone model
and simulation are, the better the results; in other words, the
more detailed the proximal humerus model and the finer the
mesh, the greater the accuracy of the results. There are some
studies, such as that of Varga et al. [42], which have tried to
standardize the proximal humerus fracture tests and its
modeling and meshing processes, with the aim of obtaining
more comparable results. His framework offers a database of
bone quality samples from a group of adults ranging between 64
and 98 years of age. Additionally, using the 3D proximal
humerus model made by Kamer et al. [4], another study also
attempted to standardize the geometry of the adult proximal
humerus bone from a group of 58 donated proximal humerus
samples. In summary, there is currently no definitive way to
characterize the proximal humerus forFEA, but the similarities
of the existing studies show that there are some parts of the
process that can be standardized, and the existing data is
sufficient to allow this to occur.
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