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ARTICLE INFO ABSTRACT

Keywords: The numerical study of the scaphoid fracture, although it is relatively unexplored, can be of great clinical
Finite Element Analysis interest since it is highly common and can result in temporary or persistent disability.

Biomechanics

In this manuscript, seven combinations of boundary conditions and contacts between adjacent bones,
together with four different loads, simulating real hand movements, are assessed.

Three different fracture criteria for bones are employed to study the failure of the scaphoid with the
aforementioned combination of interaction conditions. The results offer an interesting view of the accuracy
of the possible interaction between adjacent bones. For future calculation, it would be possible to choose a
combination of the balance between precision and computational cost savings.

This study provides a comprehensive assessment into the modeling of the scaphoid bone and its interactions
with adjacent bones. The findings reveal that various choices of interactions can yield similar results, allowing
for flexibility in selecting interaction models based on desired accuracy or computational efficiency. Ultimately,
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this study establishes a foundational understanding for future research on modeling scaphoid motion.

1. Introduction

Wrist bones exhibit a heightened susceptibility to fracture due to
their vulnerability to trauma and various impacts, regardless of the
individual’s age. However, it has also been observed that bone me-
chanical properties undergo substantial alterations with age, leading
to a diminished capacity to withstand loading forces and subsequently
lowering their resistance (Keyak et al., 2013).

The fracture of the scaphoid bone is highly common and can re-
sult in temporary or persistent disability. Therefore, the study of this
relatively unexplored bone fracture can be of great clinical interest.
The utilization of numerical models based on the finite element method
enables the assessment of bone’s mechanical behavior, taking into ac-
count its elastic range and fracture initiation. This approach contributes
to provide deeper insights into bone behavior, thereby benefiting the
fields of biomechanics and clinical practice.

The main goal of Finite Element Analysis (FEA) of scaphoid fracture
is to provide a quantitative and accurate understanding of the mechan-
ical behavior of the scaphoid bone under different loading conditions,
and to evaluate the effectiveness of various treatment methods for
scaphoid fractures. FEA is a computer-based method that uses mathe-
matical modeling and simulation techniques to predict the mechanical
response of a structure to various loads and boundary conditions. In
the case of scaphoid fracture, FEA can be used to investigate the
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effects of different factors, such as the size and location of the fracture,
the orientation and position of the implant, and the biomechanical
properties of the bone and surrounding tissues. This information can
be used to optimize treatment strategies and improve clinical outcomes
for patients with scaphoid fractures.

A thorough understanding of bone fracture patterns in any bone
is still a challenge and an active field of research. In this context,
computational models, together with experimental validations, are an
indispensable tool for fracture behavior prediction because of their
complementary nature (Cristofolini et al., 2010; Enns-Bray et al., 2016).
An interesting review of the parameters, behavior and fracture of the
scaphoid can be found in Tortora and Derrickson (2018). Additionally,
a comprehensive review specifically focused on scaphoid bone was
conducted by Slutsky and Slade (2011). Numerous studies on bone
fractures rely solely on imaging of the fractured material. However, it is
widely acknowledged that the accuracy of such results is not as precise
as those obtained through the utilization of numerical modeling tech-
niques (Falcinelli et al., 2016; Cody et al., 1999). Although there is a
scarcity of finite element studies of the scaphoid, in this preliminary re-
search, we aim to establish the basis of a comprehensive analysis of the
factors contributing to the scaphoid’s fracture using different criteria.

The current state of the art for FEA of scaphoid fracture is limited.
Varga et al. (2016) presented an analysis for screw design as well as
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Fig. 1. Workflow of employed software.

Luria et al. (2010) studied the optimal fixation; Bajuri et al. (2012) ana-
lyzed the effects of rheumatoid arthritis; and, more recently, Rothenfluh
et al. (2023) examined the impact of partial union on the strength of
the scaphoid bone. The main purpose of this research is to investigate
the impact of different movements of the wrist on the possibility of
fractures, as well as the forces required to induce them. In this research,
various fracture criteria will be evaluated without initiating the fracture
process. The study aims to identify several locations that are most
susceptible to crack initiation.

About the available fracture criteria, Doblaré and coworke-
rs (Doblaré et al., 2004) proposed an interesting analysis of the different
possibilities to model the initiation of the fracture in bones. It can be
summarized as follows:

» Von Mises Criterion (also known as Hencky criterion): This cri-
terion is not considered highly realistic for bone tissue, since it
assumes equal strength in tension and compression. However,
it has been widely used to estimate proximal femoral fracture
loads and assess hip fracture risk. Interesting when only tension
or compression failure is assessed.

Hoffman Criterion: accounts for different strengths in tension and
compression, but assumes the same behavior in all directions. It
has been used to predict fractures, improving the previous one
when the behavior of the anisotropic constituent of the bone takes
place (mainly the trabecular part). Thus, it can be considered
an extension of the previous one (in fact, they are the same if
tension and compression limits coincides), being both successfully
employed in bone fracture mechanics (Keyak and Rossi, 1983;
Lotz et al., 1991; Fenech and Keaveny, 1999).

Rankine or Maximum Stress Criterion: Originally designed for
brittle materials, it predicts failure when the highest principal
stress exceeds the ultimate strength in tension or compression.
It has been used to predict bone fracture with a 30% of error.
If this method is employed through strains rather than stresses,
it is called Saint-Venant Criterion, reducing the error since it fits
better with experiments. The high reported error made us to avoid
this method.

Mohr-Coulomb Criterion: Commonly used for materials with dif-
ferent tension—compression behavior, it has been applied to bone
tissue with good agreement when certain conditions are met.
Generally, the results are on the safety side, that is, the predicted
fracture loads are always lower than the experimental ones. Thus,
it has been neglected.

Tsai-Wu Quadratic Criterion: An anisotropic failure criterion
that considers strength asymmetry and anisotropy. It has been
used with varying degrees of success for predicting bone frac-
tures (Keaveny et al., 1999), but it requires multiple experimental
tests to determine constants, information that is not provided for
the proposed cases.

Cowin’s Fracture Criterion: This criterion is designed for porous
materials and composites, taking into account porosity and fabric
tensor. It has been cited but not widely used in computational

simulations due to the difficulty of determining all the parameters
involved. In order to simplify this methodology, Cowin (1986)
gives some indications to determine the constants from the ul-
timate strengths of the material in the different directions and
orientations. Thus, the method employed in this manuscript is the
simplification of this methodology.

Pietruszczak’s Criterion: This criterion considers the stress state,
fabric tensor, and porosity and has been applied to bone tissue to
predict fractures. As well as the Tsai-Wu Quadratic criterion, we
could not get information of the fabric tensor and the quality of
images cannot provide porosity data.

After this introduction, the paper is organized as follows. Section 2
shows the methodology of the study, describing the image treatment
and the finite element model, as well as the employed fracture crite-
ria. The assessment of the results is made in Section 3 and, finally,
conclusions and the discussion of the results are provided in Section 4.

2. Methodology

Following, the computational tools as well as the numerical hy-
potheses are described.

First, medical image processing tools have been used to perform the
segmentation and meshing of the image. Specifically, 3D Slicer and
in-house MATLAB codes were used, respectively. Details of the image
treatment are provided in Section 2.1.

Secondly, the commercial FE software Abaqus has been employed
in order to carry out the numerical simulations. Every detail of the
modeling of the problem is depicted in Section 2.2.

The employed tools and their workflow are shown in Fig. 1.

Finally, as mentioned before, this study aims to analyze the pre-
fracture process. Indeed, this is the most interesting part since, once
the failure occurs, independently of its degree of failure, the wrist
loses its whole functionality. This fact makes us focus on when the
fracture initiates. Thus, two components are to be assessed prior to
start modeling the scaphoid behavior: the fracture criteria and the
evaluation of the strength. Both are shown in Sections 2.3 and 2.4.

2.1. Image treatment

The model was obtained from a computed tomography (CT) image
of a healthy wrist 2. The data covered approximately 0.332 mm X
0.332 mm x 0.300 mm real volume per voxel. CT imaging is a valuable
tool that can not only detect the presence of a scaphoid fracture, but
also determine whether it is a displaced fracture. Furthermore, it is also
used to define treatment options.

The segmentation was carried out with the aforementioned software
3D Slicer using thresholding and morphological filters. Both cortical
and trabecular bone were segmented Fig. 2. The cortical bone (blue)
was obtained as the subtraction of the segmentation of the whole
scaphoid (green) and the segmentation of the trabecular bone and (red).
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Fig. 2. CT image of the wrist and bones segmentation: (a) complete scaphoid, (b) trabecular bone, (c) cortical bone and trabecular bone.

a)

Fig. 3. (a) Triangular mesh of trabecular (red) and Cortical Bone (blue). (b) (a)
Tetrahedral mesh of trabecular (red) and Cortical Bone (blue).

The segmentation was exported as 3D binary image and meshed in
MATLAB as 3D tetrahedral finite element (FE) mesh using iso2mesh
library (Fang, 2022). Preceding the generation of the tetrahedral
mesh, we applied a smoothing filter to the surface mesh, ensuring that
it did not excessively alter the bone’s singularities, which are crucial
for crack initiation.

A more refined mesh resolution was employed for cortical bone,
characterized by its higher density and compact composition, while a
comparatively coarser mesh was utilized for trabecular bone, distin-
guished by its porous and spongy nature.

However, the decision to refine the mesh for the cortical portion
is not contingent on its intrinsic density but is instead based on the
fact that the majority of the applied load energy, and consequently the
stresses, are absorbed by the stiffer component, namely, the cortical
bone. Consequently, any potential crack is more likely to manifest
within the cortical bone. Therefore, we opted to enhance the resolution
of this bone segment while employing a coarser mesh in the inner
trabecular part to save computational time. The selected mesh size for
the cortical part was able to properly capture any singularity of the
scaphoid body.

Fig. 3 shows the tetrahedral meshes for the cortical and trabecular
bones.

2.2. Finite element model

2.2.1. Formulation and constitutive model

As the result of the material properties of each of the bone com-
ponents and their geometric distribution, the mechanical behavior of a
bone is highly complex (Caeiro et al., 2013). As all bones in the body
are not identical, their particular characteristics can also affect their
behavior, such as their density, thickness or diameter.

In general terms, bones are modeled as elastic materials, since they
can recover their original shape after the remission of a load.

Based on the bone’s structure and biomechanical behavior, two
types of tissue can be identified: cortical (or compact) bone and tra-
becular (or cancellous or spongy) bone. Cortical bone exhibits a higher
elastic modulus, resulting in a steeper stress—strain curve (see Fig. 4).
This allows it to withstand high loads per unit area with minimal
deformation, making it very rigid (Caeiro et al., 2013). On the other

Cortical bone

Load (N)

Trabecular bone

>

Displacement (mm)

Fig. 4. Load-displacement curve of the biomechanical behavior of bone parts.
Source: Adapted from Caeiro et al. (2013).

Table 1
Mechanical properties of bone (Varga et al., 2013; Anderson et al., 2005; Villalobos,
2007).

Reference Type of material E (cortical) E (trabecu- v
lar)

Varga et al. Plastic (only cartilage, - - 0.3

(2013) E=5 MPa)

Donald et al. Isotropic linear 13.8 GPa 400, 690 and 0.3

(2005) elastic 345 MPa

Pérez (2007) Isotropic linear 10 GPa 1 GPa 0.35

elastic

hand, trabecular bone has a lower Young’s modulus and a flatter stress—
strain curve, indicating a lower load per unit area but with greater
strain rate, making it more flexible (Caeiro et al., 2013).

In this study, the scaphoid bone was modeled as a structure consist-
ing of two parts, cortical and trabecular, each with their own distinct
properties and mechanical behaviors, which were described using dif-
ferent materials. There has been extensive research on bone component
behavior based on the density of the porous medium (Helgason et al.,
2008; Schileo et al., 2008).

Isotropic elastic constitutive models were utilized to model both
parts, but with different elastic parameters assigned to each. This is
due to the clear discrepancy in mechanical strength between the two
parts.

In order to determine the elastic constants for the model, a thorough
examination was conducted on the previous usage of Young’s modulus
(E) and Poisson’s coefficient (v) values.

Table 1 summarizes the mechanical properties used for the
scaphoid. The values of Poisson’s coefficient are chosen the same for
the cortical and trabecular bones (Helgason et al., 2008).

2.2.2. Boundary conditions and contact mechanics

The scaphoid bone is surrounded by the radius, capitate, lunate,
trapezium and trapezoid bones.

The extent of contact area between the scaphoid and the adjacent
bones varies depending on the positioning of the wrist. In order to
define the regions of interest where boundary conditions need to be
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Table 2

Contact areas (mm?”) between the scaphoid and neighboring bones at different positions of the wrist (Varga et al., 2013).
Bone UN LN PE TE PF TF UA RA Avg.
Capitate 60,22 57,17 40,14 45,93 50,02 42,13 39,25 57,57 48,42
Radius 12,14 27,89 31,51 28,82 34,4 21,4 - 49,07 27,23
Trapezium 4,05 8,99 10,42 19,28 16,07 17,57 - 28,57 12,89
Lunate 0,42 - 10,07 14,45 10,48 17,47 - 13,37 7,29
Trapezoid - - - 0,61 - - - 1,4 0,92

Radius

Fig. 5. Bones in contact with the scaphoid.

Trapezoid
o Capitate
Semilunar

Radius

Fig. 6. Sets of nodes of each interaction with neighbor bones.

applied, the average values of eight wrist positions (UN: neutral with-
out load, LN: neutral load, PE: partial extension, TE: total extension,
PE: partial flexion, TF: total flexion, UA: ulnar abduction, AR: radial
abduction) have been calculated.

Table 2 presents the contact bones arranged in descending order
based on their average contact area. The trapezoid bone is not signifi-
cantly in contact with the scaphoid bone in any wrist position, as shown
in the table. Therefore, this junction was disregarded.

Therefore, only the capitate, the radius, trapezium and lunate bones
were considered for contact mechanics as shown in Fig. 5.

To simulate the interaction with the contact bones, a set of nodes at
the interface was automatically calculated on the surface mesh of the
scaphoid for each contact bone.

The nodes for each region at the interface with the contact bones
were automatically selected starting from a reference point marked
in the CT image using 3D Slicer. Starting from the reference point
position, the surrounding nodes for each of the regions were calculated
in MATLAB considering surface nodes within a certain radius chosen
taking into account the size of the contact surface (Table 2). The
volumetric mesh and the boundary nodes were directly imported into
Abaqus as inp file. Fig. 6 shows the boundary nodes for each contact
region.

[+Y] Flexion

[-X] Ulnar abduction

[+X] Radial abduction

Fig. 7. Coordinate reference system.

Based on the study by Erhart et al. (2020), the simulation examined
the behavior of the scaphoid in the four main movements of the hand:
flexion, extension, radial abduction and ulnar abduction.

In order to simulate flexion, extension, radial abduction, and ulnar
abduction on a bone surface, it is necessary to define the direction
and manner in which force is applied while ensuring that it remains
perpendicular to the bone surface. In the coordinate system shown in
Fig. 7, force is applied in the positive Y-axis direction (+Y) for flexion
and in the negative Y-axis direction (-Y) for extension. Similarly,
radial abduction is simulated by applying force in the positive X-axis
direction (+X), and ulnar abduction is simulated by applying force in
the negative X-axis direction (—X).

In accordance with the study on the movement pattern of the
scaphoid by Erhart et al. (2020), certain assumptions were made re-
garding its interactions with the surrounding bones.

Specifically, the points at the interface with the radius were treated
as fixed, while the interaction with the trapezium was modeled as a
set of concentrated forces in the nodes of this region. However, the
interactions with the capitate and the lunate were unclear. For this
reason, two simulations set ups have been considered. The first one
is based on Dirichlet boundary conditions imposed on the points at
the interface between the scaphoid and the capitate and lunar bones,
respectively. The other one is based on surface contact-type interactions
between the scaphoid and both the capitate and lunar bones. The con-
tact surfaces, were automatically generated using self-made subroutines
in MATLAB. These surfaces were designed to simulate the external faces
of the neighboring bones (Fig. 8).

The latter approach, while more computationally demanding, al-
lows for the replication of realistic separations that may occur between
the bones.

In summary, the study aimed to analyze scaphoid fractures in
relation to four hand movements using different scenarios to model the
interaction at the interface between the scaphoid and the surrounding
bones. Table 3 provides an overview of the considered scenarios at the
interface, including four combinations of Dirichlet boundary conditions
(BC) and three Contact-Type Interactions (CI).
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Fig. 8. Scaphoid contact surfaces.

Table 3
Combinations of boundary conditions (BC) and contact interactions (CI).
Radius Capitate Lunate Trapezium
BCI Fixed Free Free Load
BC II Fixed Fixed Free Load
BC III Fixed Free Fixed Load
BC IV Fixed Fixed Fixed Load
Cll Fixed Contact Free Load
CIII Fixed Free Contact Load
CI 111 Fixed Contact Contact Load

2.3. Fracture criteria

The fracture of the bone has been studied using fracture criteria
focused on the study of failure under isotropic conditions, since the
two constituent parts of the scaphoid, trabecular and cortical bone,
have been modeled as isotropic linear elastic materials. In accordance
with the information presented in Section 1, the von Mises, Hoffman,
and Cowin criteria have been taken into chosen due to their prevalent
usage in the field of bone mechanics. This choice stems from the limited
availability of anisotropic data regarding bone behavior, which restricts
the utilization of more sophisticated criteria. A wide review of these
methodologies is made by Yeh et al. (2009).

2.3.1. Von Mises criterion

The von Mises criterion, also called the maximum distortion en-
ergy criterion, is used in studies of static strength and ductile mate-
rials (Frank and Von Mises, 1961). The statement asserts that at a
specific point, the attainment of yield will be prevented as long as the
distortion energy per unit volume remains lower than the distortion
energy associated with yielding for that particular point, which can be
determined through a tensile test conducted on the material (Frank and
Von Mises, 1961; de Souza Neto et al., 2008).

This criterion is defined through Eq. (1), where o,, 6, and o3 are
the principal stresses and o,, is the equivalent stress, also known as
von Mises stress.

20€2q = (0'1 - 0'2)2 + (0'2 - 0'3)2 + (03 — 61)2 (€))

This criterion is widely recognized; however, its application assumes
that the material exhibits similar behavior in both tensile and compres-
sion tests. Consequently, it may not be the most suitable criterion for
studying the failure of bone tissue. However, on numerous occasions
it has been used to evaluate the failure of this type of tissue, as for
example in the study by Keyak et al. (2001).

The yield strength value obtained through this criterion was used
to calculate the fracture risk coefficient (FR), which is defined as Oliva
(2007):

Equivalent stress ©
FR = —QCIVACHL STESS _ Teq @
Last stress ot

where the ultimate stress is taken as the tensile strength (¢%), in
tension. Thus, failure may occur when FR is greater than the unity.
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2.3.2. Hoffman criterion

According to Hoffman’s criterion, also known as the maximum
normal stress criterion, bone failure occurs when the maximum normal
stress, either tensile or compressive, surpasses the strength limit of
the bone. This criterion assumes that failure is primarily driven by
the maximum stress acting on the bone rather than considering other
factors such as stress concentration, strain rate, or the presence of
microcracks.

Contrary to the previous one, Hoffman’s criterion (Hoffman, 1967)
does consider the distinction between tensile and compressive
strengths, so it is expressed in terms of principal stresses (¢;, 6, and o3),
tensile strength (¢*) and compressive strength (¢7). It states that bone
will fracture when the maximum normal stress at a critical location
exceeds the ultimate tensile strength of the bone material (Oliva, 2007):

[i—i_] (61+O'2+O'3)+[

oF p ](af+a§+6§)+

ot .o~

3

+ [—;] (0'10'2 +0,03 +O’20'3) =1
ot-o~ )

2.3.3. Cowin criterion

Cowin (1986), based on the methodology of Malmeister (1966) and
Tsai and Wu (1971), proposed a tissue structure-dependent breakage
criterion (Oliva, 2007). This criterion considers the fabric, which refers
to the orientation distribution of collagen fibers within the bone matrix,
as a key factor influencing the mechanical behavior and strength of
bone. The fabric-dependent criterion suggests that bone will fail when
the stress tensor exceeds a critical value that is determined by the fabric
orientation.

The specific mathematical formulation and details of Cowin’s crite-
rion may vary depending on the particular study. The formulation of
this criterion for the case of an isotropic material is defined according
to the following equation:

Gy, ((71 + o0, +0'3) +
+Fyy (o] + 05 +07) + Q)

+2F) 1 (0'10'2 + 0,03 + 6263) =1
In Eq. (4), o; are the principal stresses and G, Fj;;; and Fjjp,

are parameters whose value is given by the tensile, compressive and
tangential strengths as follows:

1 1
Gn=_—+-— ®
1
Foan=—— 6
1 1
Fim= 5 —--75 @)

2.4. Tensile, compressive and tangential strength

Tensile strength (¢%), compressive strength (¢~) and tangential
strength (r) are characteristic values of each material that allow the
evaluation of its mechanical behavior.

While analyzing scaphoid fractures, the bone has traditionally been
conceptualized as consisting of two components, namely cortical and
trabecular. However, in the assessment of fractures using the afore-
mentioned criteria, only the comparative strengths of the cortical bone
have been considered. This is primarily due to its direct interaction
with the neighboring carpal bones, thus experiencing different forces,
as well as the aforementioned boundary condition actions. Moreover,
the cortical bone, characterized by a higher elastic constant (E), is
significantly more influenced by stress-related actions than the inner
part, with lower Young’s modulus.

According to Gémez-Benito et al. (2007), compressive strength (¢~)
depends on strength, density and an experimental parameter that takes
values between 1 and 2 MPa. It can be calculated through:

14
o)
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In Eq. (8), the reference values are set to oy = 15.8 MPa, p, = 0.45
g/cm? and the parameter y = 1.8 (Oliva, 2007).

The tensile strength (c%) is defined as a fraction of the compressive
strength (Oliva, 2007). This ratio is defined by the parameter alpha
which takes values between 0.4 and 0.6 and, in this case, the average
value 0.5 (Oliva, 2007) has been used. The calculation of the resistance
in tensile tests is given by the following formula (Oliva, 2007):

ct=a-0" (C))

The resistance to tangential stresses is expressed as follows (Oliva,
2007):

v
=1 <pﬁ> 10$)
0

where 7, = 69 MPa, p; = 1.92 g/cm? and y = 1.4 are taken as reference
values (Oliva, 2007).

Considering a cortical bone density equal to 1.92 g/cm? (Oliva,
2007), the values corresponding to each of the strengths, which agree
with the values obtained by Caeiro et al. (2013), are as follows:

1.8
o = 15.8(@) ~211 MPa an
0.45
ot =0.5-211 ~ 106 MPa (12)
1.90\ 4
1_69(m) ~ 68 MPa 13)

Based on the obtained strength values and the aforementioned
fracture criteria, the assessment of scaphoid fractures can be conducted
in the designed models. In this context, if the resulting value is equal
to or greater than 1, it indicates a prediction of fracture occurrence.

3. Results of the scaphoid fracture simulation

The main objective of this work, and thus, of this section, is to
obtain an estimate of the loads that cause scaphoid fracture under
different boundary conditions and with different load configurations.

The model taken as a reference consists of the two constituent
parts (cortical on the outside and trabecular on the inside) of the
scaphoid bone. Taking into account the mechanical properties of the
bone (Table 1), an isotropic elastic material with E = 10 GPa and v =
0.35 has been created to define the cortical bone, while the same type
of material has been used for the trabecular bone, but with E =1 GPa
and v =0.35.

We took as a starting point the value of the force used in the
study by Luria et al. (2010) on the optimal fixation of acute scaphoid
fractures. It was tested whether, for a total force of 212 N applied on
the set of nodes (100 nodes) located in the region in contact with the
trapezium, trauma occurred.

From this model, as a first approximation, direct boundary condi-
tions have been studied and then, deepening in a more sophisticated
model, the contacts with neighboring bones have been considered. This
study has been made with a mesh of 74685 elements and an average
mesh size of 1.85 mm. In order to assess the suitability of this mesh, a
convergence study is presented in the last Section, 3.3.

3.1. Direct boundary conditions

First, only one fixation has been imposed in the area of the scaphoid
that articulates with the radius, as well as the aforementioned load.
The interaction with the radius is expected to be the most rigid one.
This combination of conditions is called Boundary Conditions I. Their
results are depicted in Table 4 for the 4 possible movements, explained
in Section 2.2.2. It is observed that the fracture may occur (except for
Cowin criterion) in flexion and extension, (Y direction), but not in X
direction.
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Table 4

Fracture criteria with 212 N load and boundary conditions (I).
Movement Direction FR Hoffman Cowin
Flexion +Y 1.53 1.98 0.02
Extension -Y 1.52 3.44 0.44
Radial abduction +X 0.55 0.61 0.3
Ulnar abduction -X 0.55 0.79 0.42

Table 5

Fracture criteria with 212 N load and boundary conditions (II).
Movement Direction FR Hoffman Cowin
Flexion +Y 0.1 0.002 0.001
Extension -Y 0.1 0,009 0.007
Radial abduction +X 0.22 0.02 0.01
Ulnar abduction -X 0.22 0.46 0.24

Table 6

Fracture criteria with 212 N load and boundary conditions (III).
Movement Direction FR Hoffman Cowin
Flexion +Y 0.15 0.18 0.15
Extension -Y 0.15 0.03 0.02
Radial abduction +X 0.25 0.21 0.22
Ulnar abduction -X 0.25 0.16 0.13

Table 7

Fracture criteria with 212 N load and boundary conditions (IV).
Movement Direction FR Hoffman Cowin
Flexion +Y 0.09 0.001 0.002
Extension -Y 0.09 0.01 0.01
Radial abduction +X 0.09 0.003 0.003
Ulnar abduction -X 0.21 0.42 0.14

Secondly, based on the previous model, an additional fixation has
been imposed in the area of the scaphoid close to the large bone, in
contact with the capitate bone. This combination of conditions is called
Boundary Conditions II. Results are shown in Table 5, observing a very
low risk of failure since there is a very constrained movement.

Thirdly, the fixation in the region of articulation with the radius has
been maintained, and a new one has been added in the region of union
with the lunate. This combination of conditions is called Boundary
Conditions III. In this case, the risk grows in the X movements, radial
and ulnar abductions, but far from the fracture (see Table 6 for details).

Finally, a combination of the second and third applied bound-
ary conditions has been performed. Therefore, the movement of the
scaphoid has been limited in all its junction areas with the neighboring
bones. This combination of conditions is called Boundary Conditions IV.
Again, the lunate fixation makes difficult the movement of the whole
bone, and thus, any risk of failure, as it is seen in Table 7.

Taking into account the results obtained, we can conclude that, for
a load of 212 N, the scaphoid is susceptible to breakage only if such
force has been applied in the direction of the Y axis in either direction
(positive and negative) and with the only fixation in the radius, not
interacting with the rest of the bones in the wrist joint.

As can be seen in Figs. 9(a), 9(b), 9(c) and 9(d), for both flexion and
extension movements, the fracture occurs at the proximal pole of the
scaphoid and, more specifically, in the region close to the articulation
with the radius, in which region the piece is fixed. It is necessary
to remember that, these figures are depicted for the set of Boundary
Conditions I.

If we focus on the type of applied force, the ones in X direction
are shear force and the ones in Y, tension (flexion) and compression
(extension). From this interpretation, we can infer that Cowin cri-
terion works similarly than the two other criteria in shear, but not
in tension/compression, which is totally different. Indeed, one of the
arguments of Cowin criterion is the tangential strength. Thus, for shear,
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(a) Fracture risk: 212 N, flexion (I).

Hoffman

Hoffman = 1,98

73
000e+00
101e+00

(b) Hoffman Criterion: 212 N, flexion (I).

oFractura

RF=1,52

(c) Fracture risk: 212 N, extension (I).

Hoffman

(d) Hoffman Criterion: 212 N, extension (I).

Fig. 9. Location of possible fracture for flexion and extension (Hoffman criterion and Fracture risk).
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Table 8 Table 12

Critical strength with boundary conditions (I). Fracture criteria with 212 N load and contact between bones (I).
Movement Strength FR Hoffman Cowin Movement Direction FR Hoffman Cowin
Flexion 110 N (+Y) 0.77 1.00 - Flexion +Y 1.53 1.97 0.48
Extension 60 N (-Y) 0.44 1.00 - Extension -Y 1.52 3.41 0.44
Radial abduction 300 N (+X) 0.52 1.00 0.32 Radial abduction +X 0.56 0.8 0.3
Ulnar abduction 200 N (-X) 0.66 1.00 0.58 Ulnar abduction -X 0.55 0.78 0.42

Table 9 Table 13

Critical strength with boundary conditions (II). Fracture criteria with 212 N load and contact between bones (II).
Movement Strength FR Hoffman Cowin Movement Direction FR Hoffman Cowin
Flexion 2100 N (+Y) 1.01 0.75 - Flexion +Y 1.54 1.97 0.48
Extension 1000 N (-Y) 0.48 1.03 - Extension -Y 1.52 3.4 0.44
Radial abduction 950 N (+X) 1.003 0.02 0.01 Radial abduction +X 0.55 0.69 0.28
Ulnar abduction 430 N (-X) 0.46 1.00 0.16 Ulnar abduction -X 0.55 0.78 0.42

Table 10 Table 14

Critical strength with boundary conditions (III). Fracture criteria with 212 N load and contact between bones (III).
Movement Strength FR Hoffman Cowin Movement Direction FR Hoffman Cowin
Flexion 1000 N (+Y) 0.52 1.04 - Flexion +Y 1.53 1.05 0.4
Extension 1650 N (-Y) 1.01 0.87 - Extension -Y 1.51 3.41 0.35
Radial abduction 580 N (+X) 0.69 1.00 0.58 Radial abduction +X 0.31 0.8 0.31
Ulnar abduction 840 N (-X) 1.00 0.98 0.90 Ulnar abduction -X 0.55 0.78 0.42

Table 11

Critical strength with boundary conditions (IV). 3.2. Contact between bones
Movement Strength FR Hoffman Cowin
Flexion 2200 N (+Y) 0.99 0.78 - Since within the first approximation the mechanical context of
Extension 1100 N (-¥) 0.49 1.03 - the bone has been successfully reproduced, the aim of this second
Radial abduction 2150 N (+X) 1.00 0.74 0.58 hi di 1 . hich th . . .
Ulnar abduction 450 N (=X) 0.45 0.99 0.19 approach 1s to adjust to a real context in which there 1s no interaction

it can be more accurate than the rest of the criteria, but it is not working
properly on tension/compression.

Once the response of the model when subjected to a load of 212
N was known, a search for the load to be applied to achieve fracture
in each of the configurations was carried out. The strength will be the
first to achieve a fracture ratio of 1 in any of the 3 criteria for shear
(X) and FR and Hoffman for tension/compression (Y). In the following
tables, the chosen fracture criterion is marked in bold.

In the first place, it was previously found that a load of 212 N
applied in the Y-axis direction already caused fracture. Thus, we look
for a lower value of the exerted load, the one that may break the bone.
However, to achieve fracture in the X-axis direction, higher loads have
to be applied (see Table 8). Regardless of the value and direction of
the force, for this configuration, fracture always occurs at the proximal
pole of the scaphoid.

For the second set, boundary conditions II, an increase of the load,
compared to the previous 212 N, has generally been required to achieve
fracture (Table 9). For either configuration, the point most susceptible
to reach the failure was located at the scaphoid waist.

Thirdly, for the set boundary conditions III, the fracture is reached
when the force is five times the one of the study (Table 10). Moreover,
it is located in the proximal part of the bone, but on the side opposite
to the joint zone with the radius, that is, in the proximal part closest to
the lunate.

Fourthly, in order to achieve breakage for set boundary conditions
IV, considerably large forces must be applied (Table 11). The waist is,
again, the most fragile area of the bone. Specifically, the part of the
waist that would break first is the part bordering the large bone. As
well as in sets I, II, III and IV, the ulnar abduction is the movement
most prone to reach the failure since it needs a lower applied load.
For sets II and IV, the flexion requires the largest amount of load to
break, contrary to what happened with set I, where it was the easiest
mechanism of failure.

between adjacent bones if there is separation with them. Thus, a set of
simulations have been carried out on a model in which, apart from the
scaphoid, the contact surfaces with the neighboring bones have been
included.

In this model, the same elastic constants have been used to define
the mechanical behavior of the bone. As boundary conditions, a fixation
has been imposed in the area of the scaphoid that articulates with the
radius. In addition, the employment of contact mechanics has been
incorporated in the regions encompassing the large and lunate bones. A
force of 212 N was uniformly applied across all 100 nodes constituting
the adjacent area of the trapezium. Consistent with prior simulations,
the force was applied to replicate the four movements of the hand as
per the reference coordinate system illustrated in Fig. 7.

In this first case, the large bone is considered as a contact surface
(Contact I). About the results, the force of 212 N is enough to cause
the scaphoid fracture if applied in any direction of the Y direction,
i.e., both in flexion and extension (see Table 12). The rest of the values
are comparable to those of the Table 4.

Secondly, when utilizing the lunate contact surface (Contact II), the
computational model exhibits a behavior that closely resembles that
of the previous case (refer to Table 13). The obtained values for the
fracture criteria in all configurations demonstrate a high degree of
similarity, indicating that the stress—strain states in both scenarios are
also highly comparable.

Finally, with the contacts with the lunate and capitate (Contact III),
the behavior is also very similar to the two previous cases, except
in radial abduction, where the fracture risk value is slightly lower
(Table 14). We can conclude that this set of simulations is the most
trustable one, since employs all the possible contacts. As all the results
are comparable, this lower value of the fracture risk in radial abduction
shows that with both contacts the bending of the scaphoid is more
restricted, what is realistic.

Analyzing the results within the model with contact surfaces, in
any of the cases and configurations, a force of 212 N has a greater
impact on scaphoid fracture. Specifically, this force is sufficient to cause
fracture in flexion and extension for any configuration (Tables 12-14).
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Table 15
Elements and mesh sizes of the meshes employed in the mesh sensitivity
study.
Elements Average Mesh size [mm]

HO 15083 3.2

H1 23535 2.7

H2 35031 2.4

H3 59565 2.0

H4 97342 1.7

Moreover, under the presence of contacts, the only area susceptible to
break is the proximal pole. In fact, failure tends to occur in the part
closest to the radius.

The behavior of the simulations with contacts resembles the first
case of the simulations without contacts, where the scaphoid has been
fixed only in its articulation zone with the radius and has been left free
in the rest of the joints. In all these cases, the fracture is reached in
flexion and extension, that is, when applied in either direction of the Y
axis of the reference system. Likewise, in both models, the values of the
fracture criteria are practically the same for all wrist movements, so it
can be estimated that the stress—strain configuration is very similar.

In conclusion, to obtain a simplified model able to simulate the me-
chanical behavior of the scaphoid taking into account the contact with
its neighboring bones, it is sufficient to use a model consisting of the
bone and impose the fixation in the area that articulates with the radius
and apply a force in the region of union with the trapezium. Therefore,
a mechanical problem with contacts can be solved by means of a model
based solely on boundary conditions. In this way, through this method,
the results of more advanced calculations could be estimated through
much simpler ones, thus allowing a saving in computational cost.

3.3. Mesh sensitivity analysis

In order to verify the suitability of the employed mesh within the
modeled problem, a study of the results of fracture criterion depending
on the mesh size has been carried out. The proposed model is the
one with the 2 contact surfaces for capitate and lunate bones (case:
contact between bones (III)). The Hoffman criterion has been employed
within this study, since we have chosen this one as the reference for the
scaphoid fracture study. In Table 15 we can see the 5 employed meshes.
The loads are the ones employed on the analysis depicted in Table 8,
the ones that give a fracture criterion equal to 1.

In Fig. 10, the results of the Hoffman criterion are depicted for the
4 studied movements, as well as an average of these 4 results. We can
observe that, as mesh refinement increases, the average line progres-
sively converges to a fracture risk value of 1. This observation indicates
a convergence of results with finer mesh resolutions. Beginning with
mesh H3 (average mesh size 2.0 mm), we can assert that the quality
of the mesh is satisfactory for addressing the specific problem under
consideration. The mesh considered in our modeling, for which the
results are reported in Sections 3.1 and 3.2, has an average mesh size of
1.85 mm. Thus, this mesh configuration is well-suited for our purposes.
Nonetheless, employing coarser meshes could enhance computational
efficiency. It is important to note, however, that this is not a primary
concern when dealing with pre-failure elastic problems.

4. Discussion and conclusions

In this paper, the study of scaphoid fractures was conducted using
a model derived from real CT image of the wrist. The investigation
was approached using two different simulation set ups: the first utiliz-
ing Dirichlet boundary conditions, and the second employing surface
contact-type interactions.

In the first simulation set up, which solely incorporated boundary
conditions, fracture occurred at significantly high force magnitudes.
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Fig. 10. Hoffman fracture results for the 5 different employed meshes.

Furthermore, the fracture manifested in two distinct regions of the
scaphoid: the proximal pole and the waist. Regarding the location of
the fracture, a clear pattern dependent on the boundary conditions has
been observed. Interestingly, this pattern remained consistent regard-
less of the forces induced by various wrist movements, indicating that
the fracture location was independent of the direction and magnitude
of the applied forces.

In the second simulation set up that also incorporated surface con-
tact interactions, it has been observed that breakage occurs for lower
force values. In particular, it was found that a force magnitude of 212 N
applied in the Y-axis was sufficient to induce bone fracture regardless
of the type of contact. For all cases, the fracture has taken place in the
part of the proximal pole near the radius.

Moreover, it was observed that the scaphoid model, when subjected
to boundary conditions BC I (see Table 3), where the capitate and
lunate bones are allowed to move freely, exhibited similar behavior to
any model incorporating contact interfaces. This finding implies that
fixing the interaction areas with the lunate and capitate bones produces
erroneous outcomes, as it restricts the realistic bending of the scaphoid.
Therefore, it is more accurate to utilize contact interfaces in these
regions, or alternatively, if computational costs need to be minimized,
to leave them unconstrained.

Fracture was studied using three criteria: fracture risk (from von-
Mises), Hoffman and Cowin. Thus, fracture occurrence was established
when at least one of the elements of the model reached a value equal
to or greater than unity according to each criterion. It is important to
note that there is no one-size-fits-all criterion for analyzing bone tissue,
and the best choice should be based on the specific requirements and
characteristics of the analysis. Researchers often use a criterion that
aligns with the material properties and loading conditions of interest,
while considering the trade-offs between simplicity and accuracy in
their modeling approach. In our case, for the available data and prob-
lem conditions, Hoffman’s criterion has resulted as the best choice. This
is why we have employed this methodology for the mesh sensitivity
analysis.

Following, some considerations for why the Hoffman criterion
might be preferred over Cowin’s or von-Mises for this problem are
provided:

+ Strength Asymmetry in Bone: Bone tissue exhibits strength asym-
metry, meaning it has different strengths in tension and com-
pression. The Hoffman criterion accounts for this by consider-
ing the difference between tension and compression, making it
more suitable for modeling bone’s behavior under various loading
conditions than others such as von-Mises one.

Behavior in All Directions: The Hoffman criterion considers the
material’s behavior in all directions, which can be important for
bone tissue, as bones are not isotropic; their structural properties
can vary in different directions due to their microstructure.
Simplicity: While Cowin’s or Tsai-Wu criteria may offer more
detailed insights into the behavior of complex materials, the
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Fig. and Riisse classifica-

11. Relationship between fracture
tion (Moreno, 2013).

initiation point

Hoffman criterion is relatively simpler and more straightforward
to implement. In practical engineering and medical applications,
simplicity can be an advantage. It is true that Cowin’s criterion
employed within this research is a simplified model, but the
obtained results are far from the other 2 methodologies.
Applicability: The choice of criterion also depends on the specific
goals of the analysis. If the primary goal is to assess bone fracture
risk or predict the behavior of bone under various loading condi-
tions, the Hoffman criterion’s focus on strength asymmetry and
multidirectional behavior may be sufficient and practical.
Experimental Validation: The choice of criterion can also be
influenced by the availability of experimental data and validation
studies, which is not the case in this research. Thus, Hoffman’s
criterion provides a general framework for the study without
necessity of experiments.

Although it is challenging to directly compare these results with
experimental tests to assess the accuracy of the methods, our study can
infer the initiation point of fractures.

The two identified fracture patterns in our study can be associated
with different types of fractures based on their location. In particular,
they can be related to Riisse’s classification (Vazquez, 2007).

Fig. 11 shows the three types of fractures according to Riisse,
together with the initiation points that have been found. The blue point
represents the point of initiation of the break at the proximal pole,
while the green point represents the point of initiation at the waist.
As can be seen, the point located at the waist is located very close
to the trajectory of all fracture types. However, the initiation point on
the proximal pole only approximates the crack that occurs in vertical
oblique (VO) fractures. In particular, it can be estimated that these
fractures occur when there are simultaneously two elements under high
stresses at the marked points.

Certainly, there is no sufficient data to draw definitive conclusions
regarding the direction of crack propagation. A full analysis that incor-
porates explicit crack propagation is needed to accurately determine
the direction of crack growth.

The main limitations of the proposed research are:

No explicit fracture, as mentioned in the previous paragraphs.
Only the deformation of the scaphoid is considered, taking the
rest of the bones as rigid bodies.

Isotropic materials.

Homogeneous materials. With the current image resolution, the
results do not show a discernible segmentation pattern within
cortical and trabecular bones, which can be used to generate
non-homogeneous meshes.

The goal of future developments following the lines of the present
study will be the assessment of the stabilization of fractures through
different techniques such as 3D-printing, similar to the one made by Lu
et al. with the fracture of the ankle (Lu et al., 2021), employing the FEA
prior to the real stabilization in order to reproduce possible complexi-
ties that may appear. The addition of crack propagation would help to
see how a stabilization technique could relax the crack propagation.
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