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The Finite Element Method (FEM) models are valuable tools to create an idea of the
behavior of any structure. The complexity of the joints, materials, attachment areas, and
boundary conditions is an open issue in biomechanics that needs to be addressed.
Scapholunate instability is the leading cause of wrist pain and disability among patients of
all ages. It is needed a better understanding of pathomechanics to develop new effective
treatments. Previous models have emulated joints like the ankle or the knee but there
are few about the wrist joint. The elaboration of realistic computational models of the
carpus can give critical information to biomedical research and surgery to develop new
surgical reconstructions. Hence, a 3D model of the proximal carpal row has been created
through DICOM images, making a reduced wrist model. The materials, contacts, and
ligaments definition were made via open-source software to extract results and carry on
a reference comparison. Thus, considering the limitations that a reduced model could
carry on (unbalanced forces and torques), the stresses that result in the scapholunate
interosseous ligament (SLIL) lead us to a bones relative displacement, which support the
kinematics hypothesis in the literature as the distal carpal row moves as a rigid solid with
the capitate bone. Also, experimental testing is performed, successfully validating the
linear strength values of the scapholunate ligament from the literature.

Keywords: FEM, biomechanics, scapholunate ligament, experimental, computational

1. INTRODUCTION

Scapholunate dissociation is the most frequent pattern of carpal instability (57% of total wrist
injuries) and is related to a lesion that affects the scapholunate interosseous ligament (SLIL)
(Pappou et al., 2013; Elsaftawy et al., 2014). Hence, the scapholunate ligament is considered the
primary stabilizer of the scapholunate joint (Garcia-Elias et al., 2006). When there is an injury of the
scapholunate ligament, the junction between the scaphoid and lunate becomes unstable; the more
unstable it becomes, the larger the damaged ligament portion. The secondary stabilizers (as radio-
scaphoid-capitate or scaphoid-trapezium-trapezoid ligaments) become progressively incompetent
due to fatigue (Kitay and Wolfe, 2012). This loss of joint relationship favors the development of
radiocarpal and midcarpal osteoarthritis (Harrington et al., 1987; Watson et al., 1997).
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The dramatic evolution of the lesion that we expose and the
absence of efficacious treatment have promoted the experimental
studies of kinetics and kinematics of the carpus in order
to improve the knowledge of carpal instability and look for
alternative treatments. Finite Element Method (FEM) models
are helpful tools used in engineering that allow us to study
complex areas as a first step, giving us an idea of the necessity
of clinical investigation.

This study aims to recreate a functional wrist model via the
FEM to evaluate the stabilizing role of the SLIL and the effect of
its failure, and the possibility of recreating different pathologic
situations to better pathomechanics understanding by clinicians.
First, a study of the geometry is implemented, using actual
cadaveric wrist specimen CT scans, reconstructing the volumes
for each bone, and the cartilages models. After that, the materials
are implemented, evaluating the structural importance of the
cancellous bone. Finally, and, attending to the study of Johnson
et al. (2013), Stoesser (2016), Werner et al. (2011), and Bryce
(1896), a reduced carpal model is constructed, including only the
radius, ulna, scaphoid, lunate and the capitate bone, since these
are the ones responsible for the stability of the scapholunate zone.
Unidimensional models of the ligaments are implemented in the
complex and a 3D model for the SLIL. The study would be based
on the data on kinematics and previous experiences of several
authors centered on the studied area, analyzing the stresses and
strains in each bone and with the final objective of removing the
SLIL from the model to evaluate the behavior of the complex in
its absence.

Finally, experimental validation of the ligament stiffness is
made using a tensile testing machine and cadaveric SLIL samples.
The idea is to combine accurate data from cadaveric specimens
with the possibilities of a numerical simulation, studying the
mechanic response of the structure, in order to gather more
information for future studies of the SLIL instabilities and carpal
structure in general.

2. MATERIALS AND METHODS

2.1. Theoretical Background

The wrist joint complex consists of 8 carpal bones, divided
into two rows and arranged between the distal radius/ulna and
the proximal metacarpals. In this study, we are studying the
behavior of the SLIL, which is the ligament between the lunate
and scaphoid bones. That is why our investigation will focus
on the radius (ulna does not affect the SLIL joint, it does with
the triquetrum/pisiform), the proximal row (especially in these
two bones), and one of the distal row’s bones, the capitate.
Articular cartilage (Mohd Nazri Bajuri, 2013), composed of
hyaline cartilage, is mainly located at the ends of long bones, and
it is the one involved in our research. The ligaments function
as constraints (mainly as tensile resistance) and stabilizers on
the wrist motion (Mohd Nazri Bajuri, 2013). We can divide the
ligaments complex into two main groups: intrinsic and extrinsic
ligaments. Intrinsic ligaments are those located between adjacent
carpal bones. On the other hand, the extrinsic ones fix the carpal
bones to the radius and ulna. As it is the main character of this

investigation, a more complex view of SLIL is made, following
the definitions given by Stoesser (2016).

In order to evaluate stresses and strains in the SLIL, a
continuum mechanics interpretation of the material can be made.
Several authors can be followed in order to decide the best
material type for each part involved in the study (2002; Gislason
et al., 2010; Bajuri et al., 2012; Gislason and Nash, 2012; Mohd
Nazri Bajuri, 2013). Bones (both cortical and cancellous bone)
can be defined as “Elastic Linear Isotropic Materials” described
by Young’s Modulus (E) and Poisson’s ratio (v). Cartilages can
be expressed in terms of hyperelastic (or green elastic material),
a type of constitutive model for ideally elastic material for which
the stress-strain relationship derives from a strain energy density
function. The cited authors make use of the Mooney-Rivlin
formulation based on the material parameters (C;), (C;), and
Bulk modulus (K). For intrinsic and extrinsic ligaments, an
hyperelastic material can be chosen, although many authors use
linear spring link elements attached to their bone insertion area
and described by their linear elastic constant k.

The finite element (FE) method is a computational numerical
analysis technique, which is combined with computational
modeling to obtain stress and strain patterns in modeled bodies,
using the continuum mechanics theory and has been widely used
as solutions to engineering problems. A variety of shapes and
models can be analyzed using the FE method. Hence, using the
material definition made below, a FE model is the tool chosen
for the analysis of the problem. The software chosen for this
computational model is Febio2.0 (Maas et al., 2012; 2017), an
open-source non-linear FE solver that is specifically designed
for biomechanical applications. It offers modeling scenarios,
constitutive models, and boundary conditions relevant to many
research areas in biomechanics. The necessary information
for the model is analyzed below in the logical sequence of
any FEM problem.

2.2. Computational Model

2.2.1. Defining the Geometry

The geometrical representation of the model was obtained from
CT scans of the average human wrist. Nowadays, we can find
several programs that can carry out image processing and
segment the scans to create a three-dimensional surface. In
our case, an open source software, only for research use, from
the “Center for Information Technology Renato Archer” named
Invesalius (v3.1.1) (De Moraes et al., 2011) was used.

Many authors have determined correlations between the
mechanical properties of the SLIL and many other variables
(Bone Mineral Density, forces between carpal bones, loads
applied to the ligament) (Berger et al., 1999; Johnston et al.,
2004) pointing no significant differences between gender or age.
This literature conclusion supports our decision of using only
one subject for the 3D model elaboration. As gender and age
can cause a variation in the bones properties that these authors
consider, and there exists a variability in bone sizes between
population, a further model considering re-scalation of bones
to represent different gender (de Roo et al,, 2019) and ages
(Kaawach et al., 2001) would be necessary.
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The scans were taken from the wrist of the subject (women,
48 years old), ranging from the distal end of the two forearm
bones, radius and ulna, to the proximal third of the metacarpals.
The total length of the scans was 58 mm. The resolution of
the scans was 283 m in-plane, and the space between slices
was 2 mm. Using the manual tools of the software, a masking
process is made bone by bone, obtaining simple rough models.
This masking process is also useful in differentiating between
cortical and cancellous bone because the cancellous part has a
lower image density and, consequently, contrast. The importance
of high-quality segmentation in multi bone modeling is an
important task, as the congruence of the articulating surfaces
will play an important role in the contact formulation. Rough
edges on surfaces can cause penetration of node points, causing
numerical instability and convergence problems. Hence, post-
process sculpting work was carried out, so the geometry gets
more similar to the real bone (Ebrahimi, 2012).

The process for extracting the cartilages (and SLIL) 3D models
follows a similar study planning but uses the bone models

(already created) and boolean geometrical operations (Mohd
Nazri Bajuri, 2013). The process followed is shown in Figure 1.

This first 3D model from the carpal structure opens up the
path for future biomechanical designs. The results obtained
in this study can make the first iteration for a validation
process. Thus, future study comparing kinematics between
our model and actual data from literature/experimental values
would be necessary.

2.2.2. Meshing Process

By using the software Autodesk®(San Rafael, California,
CE United States) Meshmixer'™ (Autodesk®), 2017), on
its educational version, a simple triangular mesh has been
elaborated, attending to some basic rules in order to avoid
convergency errors in our results. The rules to be considered in
the meshing process are: avoid slender elements (one dimension
considerably larger than the other); it is reccommended to make
all the elements of the approximately same size; mesh refinement
in the areas which present discontinuities; the refinement must

Scaphoid

FIGURE 1 | DICOM images reconstruction process.
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be gradual with adjacent elements of not too dissimilar size;
mesh refinement must balance accuracy with problem size.
The software has tools that let us objectively validate these
requirements (refer to section 3, “Results”).

After the triangular 2D mesh is done and the element triangle
shapes accomplish the previous rules, we had to transform
this 2D mesh into a 3D one. According to the bibliography
and the background, we can find about FEM models in the
biomedical area (Carrigan et al., 2003; Marai et al., 2009; Gislason
et al,, 2010; Gislason and Nash, 2012; Mohd Nazri Bajuri, 2013),
there are two main types of elements that have been widely
used: tetrahedral and hexahedral. Hexahedral elements were less
efficient than tetrahedral in contact analysis due to the high
number of nodes (more tendency to distort). Despite tetrahedral
elements having less DOF than the hexahedral, they are better
for curve modelization. Thus, the type of elements chosen for the
model is Tetrahedral Elements with four nodes.

FEBio (Maas et al., 2012; 2017) includes 2D to 3D mesh
conversion tools. This software is “TetGen,” by the Weierstrass
Institute for Applied Analysis and Stochastics (WIAS).

2.2.3. Materials Modeling

2.2.3.1. Bone

The cortical and cancellous bones were modeled using linear,
isotropic material properties with Young’s modulus of 18 and
100 MPa, respectively. The Poisson’s ratio values used were 0.2
for cortical bone and 0.25 for cancellous bone. These values
were taken from the literature (Gislason et al., 2010; Gislason
and Nash, 2012). Nearly all FE studies on joint mechanics have
modeled bone as a linear isotropic material, but many references
have shown the idea of treating the bone as a solid, ignoring the
role of cortical/cancellous bone. In this study, the first option has
been chosen, considering the bone as a linear elastic but, in order
to evaluate the importance of the cancellous bone in front of the
cortical one (due to the lesser stiffness value in the cancellous),
a reduced model is made (section 3). The aim is to decide if we
can obviate the cancellous bone and make a single piece for each
bone with only cortical material.

2.2.3.2. Soft Tissue

The cartilage was modeled using hyper-elastic material
properties, as described previously. Li et al. (2007) proposed
the parameters making up the curve should be Cijp = 4.1
MPa and Cy; = 0.41 MPa for a two-parameter Mooney-Rivlin
material. Attending to the definitions made by Bower (2009), the
Mooney-Rivlin model is a special case of the generalized Rivlin
model (also called polynomial hyperelastic model), which has
the form:

W =35 _Cpg(lh = 3)P(l = 3)? + =) D,y — 1> (1)

With Cgp = 0, where Cpq is material constants related to the
distortional response and Dy, are material constants related
to the volumetric response. For a compressible Mooney-Rivlin
material, N = 1, Cyp; = C,, C;; =0, Ci9 = Cy, Co1 = Cyp, M.
The resulting equation corresponds to ours, given by the FEBio
Theory Manual (2017).

On the other hand, for obtaining the Bulk Modulus of the
articular cartilage, we followed the research by Little et al. (1986),
who gave experimental obtained values of Young’s modulus
and Poisson ratio. We know that the relation between these
parameters and the bulk modulus is:

E

K= 3(1— 2v) @

Little et al. assume that: E = 11.6 MPa and = 0.4 for articular
cartilage (Little et al., 1986). Introducing these values in Equation
(2), we obtain that the bulk modulus of the articular cartilage is
K =19.3 MPa. This value is inside the range of values that Vidal-
Lesso et al. (2014) consider as possible ones for this modulus on
the cartilage.

The SLIL, as we commented, will be modeled as a hyper-elastic
Mooney Rivlin two-parameter material, being also necessary for
the C; and C, constants and the bulk modulus. The constants
will be the ones obtained by Weiss et al. (2002). Hence, the author
shows that the constants have average values of:C; = 832.4 - 10°
MPa and C, = 11.05 - 10°® MPa. On the other hand, for the bulk
modulus, Weiss gives a “Bulk modulus/Shear modulus” ratio of
1,000 and also shows the next relation: = C; - C,, obtaining that
the bulk modulus of the ligament is: k = 9.19802 MPa.

The ligament modeling will be as explained previously (linear
spring elements) attending to Table 1. In section 3, we are making
an experimental validation of the mechanical properties of the
SLIL, comparing the axial test results to the cited table.

2.2.4. Boundary Conditions

For our case, there are two types of BC’s: the fixed
displacements/rotations for the proximal zone of the radius
and the prescribed motions for the carpal row. The fixed
conditions affect the bottom surface of the radius. Hence,
translational (x, y, z) and rotational (u, v, w) degrees of freedom
are zero.

The wrist is a hypermobile joint with multi-planar motions.
The most common movements are radial-ulnar deviation (RUD),
flexion-extension (FE), and pronation supination (PS), and the
possible combinations between them. The PS motion does not
involve the scapholunate joint on it; that is why it will not be

TABLE 1 | Ligaments stiffness for a spring linear element modelization (Mohd
Nazri Bajuri, 2013).

Ligament Connection 1 Connection 2 Stiffness
(N/mm)
Dorsal intercarpal Capitate Lunate 150
Dorsal intercarpal Capitate Scaphoid 150
Dorsal scapholunate Scaphoid Lunate 230
Long radiolunate Lunate Radius 75
Radial arcuate Capitate Scaphoid 40
Radial collateral carpal Radius Scaphoid 10
Radioscaphocapitate Radius Capitate 50
Short radiolunate Radius Scaphoid 75
Volar Radioscapholunate Radius Scaphoid+Lunate 50.75
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simulated on the computational model of this study but will be
described below. The average range of motion on each case is
(Table 2):

The motion of the wrist will be emulated by prescribed
motions applied on the capitate bone to transmit it to the
scapholunate complex, translating these rotations into cartesian
displacements (Figure 2).

Thus, according to the reference system in our model,
flexion/extension angles will traduce in y and z displacements and
deviations in x and z displacements. These values are shown in
Table 3.

2.3. Experimental Validation

For the elaboration of validation through experimental results,
actual human cadaver scapholunate ligaments samples were
tested in a tensile testing machine. It was necessary to execute
the tensile testing machine’s design, construction, and software
for tension/compression tests in biomaterials. In addition to this
task, design work and 3D printing were carried out for the
realization of it.

We tested six cadaver scapholunate ligament samples with a
non-degenerative condition (three men of 58, 62, and 65 years
old; three women of 60, 62, and 63 years old) to determine
the linear stiffness by uniaxial loading. As our particular case
of study was the scapholunate ligament, the idea was to add
more data about the mechanical behavior of this tissue and, as
follows, corroborate the values from Mohd Nazri Bajuri (2013).
At the same time, calibration of our self-made axial press with

TABLE 2 | The average range of motion on the main hand movements.

the literature values was implemented, giving us the confidence
to use it in future studies.

3. RESULTS
3.1. 3D Real Geometry Acquisition

We can see an example of the process in Figures 3A,B showing
the masking process in the CT scan view with more resolution,
the Coronal plane in our case.

3.2. Mesh Validation: Aspect Ratio

With Meshmixer, we can represent the aspect ratio (ratio between
the inscribed and ascribed circle) of each element which is an
excellent parameter to evaluate if our elements are similar or
diverge from equilateral triangles (if aspect ratio approximate to
the unity, the element is close to being an equilateral triangle).
The result of the meshing process representing the aspect ratio is
shown below in Figures 3C,D.

3.3. Mesh Transformation: 2D to 3D
The TetGen (Si, 2015) conversion work is directly executed
in Febio with a simple option. The result is shown below in
Figures 3E,F.

Thus, the final result of the complete bones and cartilages 3D
meshed model is shown in Figure 4.

TABLE 3 | Displacement values to be applied as prescribed in capitate bone.

Wrist motion

Normal range of motion

Flexion-extension
Radioulnar deviation

Forearm pronation-supination

Flexion: 65-80° Extension: 55-75°

Radial deviation: 15-25° Ulnar deviation: 30-45°

Pronation: 60-80° Supination: 60-85°

Extension Flexion Radial deviation Ulnar deviation
y z y z X z X z
—17.68 —11.20 1850 —-13.56 —6.635 —1.169 11.80 —4.01 [mm]
—-0.017 —-0.011 0.018 —-0.013 —-0.007 —0.001 0.012 —-0.004 [m]

Extension

Flexion

FIGURE 2 | Necessary angles and distances for the rotation-displacement conversion: (A-C) Extension angle («), Flexion angle (8), Ulnar (y) and Radial (§) deviation

angles, and radius-applied displacements node distance (r).

Ulnar
deviation

Radial
deviation
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Quality parameter (Rw/Rew) = 2Ri/R: = 1 (for equilateral triangle)
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FIGURE 3 | (A) Mask drawing in one of the CT scan slices. (B) Resulting 3D model. (C) Aspect ratio concept. (D) 2D meshing. Aspect ratio visualization. (E)
Scaphoid meshed with tetrahedral elements, the colors in each element match with the Tet quality on the right. (F) Tetrahedral elements quality spectrum.
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3.4. Cancelous Bone Influence in Reduced
Model

A reduced model of the distal radius in the face of two loads has
been evaluated. The model includes the cartilage of the radius,
the cancellous and the cortical parts of it, and, as a boundary
condition, it is fixed (both displacements and rotations) in the
proximal zone.

The loads are placed in the two cavities of the scaphoid and
lunate, and they have unity as value. The values for the materials

FIGURE 4 | (A) Complete meshed model. Dorsal view. (B) Complete meshed
model. Volar view.

modelization are the ones shown previously for cancellous and
cortical bone.

Next, some figures are shown to see several important aspects
of the modelization work (Figures 5, 6).

The results were significantly crucial for our work because
the hypothesis of ignoring the cancellous part of the bone
is validated, and, in our complete model, the bones can be
considered one single cortical bone. The results are shown
below, and some considerations have been made to argue the
previous conclusion.

In Figure 7, we see the pressure on the complex. As is shown,
stresses do not affect the cancellous part of the bone, distributing
along the cortical part. We can now accept the hypothesis of
modeling the bones as a single cortical piece.

On the other hand, in Figure 8, we see the total displacements.
In Figure 8B, we can see that the displacements are concentrated
in the loaded areas, the cartilage support all the deformations. In
Figure 8A, a detail of the contact between the cortical bone and
the cartilage is shown. The cortical bone is not affected by the
displacements as it is more rigid than the cartilage.

3.5. Experimental SLIL Young Modulus and

Poisson Ratio

The Hospital San Cecilio (Granada) axially tested six human SLIL
samples. We can observe close values between the experimental
results and the ones in the literature (refer to Tables 4, 5).

As we will see, the validation seems to be valid, as it concords
with literature values. In this manner, our SLIL Young’s modulus
has a value of E = 4.89 MPa. Thus, introducing these values
in Equation (2), we obtain that the Poisson’s ratio for the
scapholunate ligament is: = 0.41 MPa, close to the value in
cartilages. We know that the behavior of both is similar, so these
values seem to adjust to reality.

FIGURE 5 | Objects of the model already meshed. (A) Cortical bone, (B) Cancelous bone, and (C) Cartilage.

O
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FIGURE 6 | In blue, the area in which the BC’s (fixed displacements and rotations) have been applied.

pressure
Time = 1

FIGURE 7 | Pressure. Cut by XZ plane.

3.6. Intact SLIL

3.6.1. Extension

As we see in Figure 9A, when we apply an extension motion
to the complex, ligaments in the dorsal facet tend to make
compressions in the attachment areas. The maximum pressure
values (compression/traction) are:

e Max Compression = 0.58e+03 Pa
e Max Traction = 1.86e+03 Pa.

We must consider that the ligaments have been modeled
by 1D spring elements, focusing all the forces in
small areas.
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Total displacement
Time = 0.7

x10®

735

S o A 1'

B

FIGURE 8 | (A) Detail. Cut by XZ plane. (B) Pressures applied on the cartilage surface.

TABLE 4 | Linear strength modulus obtained for the six human scapholunate
interosseous ligament (SLIL) samples.

Experimental testing

Sample I I L] v \' Vi
K [N/mm] 111.38 24.44 11412 35.36 90.29 53.44
Mean/Std. 71.50/39.00

TABLE 5 | Literature values for the SLIL's linear strength modulus.

Literature
Sample Nikolopoulos Wayne and Eschweiler et al.,
et al., 2011 Tremols, 2019 2016
k [N/mm] 25-36 66 50-150
Mean/Std. 65.50/34.70

Attending to the Scapholunate Interosseous Ligament, which
is our target in this research, we can see the pressure distribution
in the figures below (Figures 9B,C).

As the previous picture only shows the last time step, a
graphic showing the pressures for each SLIL FE is shown
below (Figure 9D). We can see that the maximum compression
value is around 0.50e+03 Pa and the maximum traction value
around 0.30e+03 Pa.

3.6.2. Flexion
On the other side, in the face of a flexion motion (Figure 10A),
we observe that both the compressions and tractions values
increase. This increment makes sense due to the higher rotation
range of motion.

The pressures in the complete model get the following
maximum values:

e Max Compression = 4.61e+03 Pa
e Max Traction = 9.31e+03 Pa.

Attending to the scapholunate ligament, more tensioned areas
are found than in the extension case. The maximum pressure

values obtained (Figures 10B,C) are around 1.00e+03 Pa for
compressions and 0.60e+03 Pa for tension.

In contrast with the extension motion, we can observe that the
pressures slightly increase. We could see that the pressures tend
to getlower in the final time steps in the case before (Figure 10D).

3.6.3. Radial Deviation
Different behavior is observed by changing the plane of rotation.
In this study, we can see how tractions appear in the opposite face
of the deviation (ulnar area). Ligaments (spring elements) make
the lunate displace with the capitate bone and both fall onto the
top of the scaphoid (Figure 11A).

The maximum pressure values are:

e Max Compression: 1.31e+03 Pa
e Max Traction: 1.93e+03 Pa.

If we look at the detail of the SLIL, (Figures 11B,C), one might
conclude that actually, the capitate-lunate complex leans on the
scaphoid. Compressions are found in the lunate ligament facet,
while tractions appear on the opposite one.

The max values, as is shown below in Figure 11D, in the
SLIL are

e Max SLIL Compression: 0.20e+03 Pa
e Max SLIL Traction: 0.20e+03 Pa.

The average behavior is to increase the tension in every element.
Some elements seem to lose compression after a while and
commence to decrease until zero.

3.6.4. Ulnar Deviation

Finally, in the case of ulnar deviation, we can see an opposite
behavior than in the radial case, as expected. Attending to
Figure 12A, we see compressions in the ulnar facet and the
nearest areas to the capitate of the lunate cartilage.

If we observe Figures 12B,C, compressions are found in the
scaphoid facet, tractions in the lunate one. As we have pointed
previously, this is the total opposite behavior than the radial
deviation. However, both positive and negative pressures are a
little higher than in the previous case.

The maximum values of pressure in the scapholunate ligament
(Figure 12D) are
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FIGURE 9 | (A) Pressure representation on the whole structure for last time step. Extension. (B) Detail of the pressures on the SLIL in the scaphoid attachment. (C)
Detail of the pressures on the SLIL in the lunate attachment. (D) Pressures envelope and average curve of the SLIL affected by an Extension motion.
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FIGURE 10 | (A) Pressure representation on the whole structure for the last time step. Flexion. (B) Detail of the pressures on the SLIL in the scaphoid attachment. (C)
Detail of the pressures on the SLIL in the lunate attachment. (D) Pressures envelope and average curve of the SLIL affected by a Flexion motion.
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motion.
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FIGURE 12 | (A) Pressure representation on the whole structure for the last time step. Ulnar deviation. (B) Detail of the pressures on the SLIL in the lunate attachment.
(C) Detail of the pressures on the SLIL in the scaphoid attachment. (D) Pressures envelope and average curve of the SLIL affected by an Ulnar Deviation motion.
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e Max SLIL Compression: 0.22e+03 Pa
e Max SLIL Traction: 0.20e+03 Pa.

3.7. SLIL Break

The idea is to remove the Scapholunate ligament from the model
to evaluate its stabilizing role in the bones complex.

Thus, when the software confronts this new “no-SLIL model,”
it diverges. When the model diverges, it can be caused by many
factors but, in this case, and, with the experience gained after
all the modelization work, we can establish that this is because
the carpal complex is behaving as a mechanism and it has not
balanced forces.

This result leads us to the future necessity of verifying this
conclusion. Hence, we plan that a “progressive SLIL break”
case would be interesting to analyze. We plan future study
controlling fissures in the SLIL in the face of natural wrist forces.
After that, the crack would be enlarged gradually to discern
when the structure starts to fail, becoming a mechanism (total
structure failure).

So, although we have no quantitative results to achieve this
conclusion, we can establish that the SLIL has an essential
stabilizing role in the wrist motions and open the path for
future studies to analyze in detail the fracture progression in the
ligament and its stabilizing task in the wrist kinematics.

4. DISCUSSION

As a discussion, we may comment on both the literature
validations via results and the limitations we have found in
our model. First, we can deduce, as we see in the flexion and
radial deviation, the scaphoid tends to flex, leaning on the radius
cartilage and forcing the lunate to move with it. This causes the
ligament to withstand the loads. In the case of radial deviation,
we have to add the interaction with the proper radial deviation
motion, which causes a compressed area on the lunate surface.
These results are near to the kinematics of the carpal row
(Quigley, 2014).

Furthermore, in the face of extension and ulnar deviation
motion, the lunate tends to extend in the complex due to its
attachment to the triquetrum-hamate complex. Our results may
validate this hypothesis. It is observed that in extension motion,
the lunate facet of the scapholunate ligament gets compressed
in the volar zone, which is the one compressed due to a
lunate extension. Analogously, when we have an ulnar deviation
motion, and in contrast with the radial deviation, compressions
appear in the lunate facet (all along). The lunate extension could
cause this, and it has been validated in literature (Quigley, 2014).

Otherwise, if we consider the limitations of the modelization
process, they imply the exact causes of the actual wrist behavior.
They consist of a complete carpal model necessary to evaluate
the natural wrist behavior. In this case, although it is precise and
adapts to the literature values (Crisco et al., 2011; Hammert et al.,
2012), it is entirely under constrained. The behavior of the lunate
is entirely contingent on the triquetrum complex, which gives it
more stability. The capitate behavior is conditioned by the distal
carpal row as well. This row works as a “solid structure” and
joints the proximal row (our studied area) with the metacarpals.
As gender and age can cause a variation in the bones properties

such as Bone Mineral Density or forces between facets, and there
exists a variability in bone sizes between population, a further
model considering re-scalation of bones to represent different
gender (de Roo et al, 2019) and ages (Kaawach et al., 2001)
would be necessary.

This study comprises the first step and it needs a complete
modelization of the ligaments. The ligaments and their 1D
modelization tend to generate overloaded regions, particularly
the ligament attachment nodes. This is not wholly accurate to the
actual ligament behavior.

A future study should develop the surface of each ligament
and the attachment region to each bone. Following accurate data
acquisition and ranges, the main idea is to go from the 1D linear
spring to describe each element to an affected area.

Therefore, a 3D  modelization and  hyperelastic
characterization could be added. The contacts could be
introduced between the complex and ligaments since some
ligaments do not attach to many bones, but they have a contact
relation. A dynamic study until the SLIL break can also be future
study, evaluating the ultimate tensile stresses to complete the
ligament’s characterization.

To conclude, this wrist model has been implemented via
hyperelasticity and biomechanical models to characterize the
displacements of scapholunate. It has been developed with real
human data to corroborate the values from Mohd Nazri Bajuri
(2013) and calibrate our self-made axial press for future studies.
The accuracy of the results gives us a quantitative limit on the
kinematics of the complex, and it constitutes a keypoint at the
beginning of the modelization of this ligament. The open-source
coding developed is available to the research community for
possible future improvements and features.

DATA AVAILABILITY STATEMENT

The link for the raw data is in the open repository zenodo (2013)
under the DOI: https://doi.org/10.5281/zenodo.5607291.

AUTHOR CONTRIBUTIONS

The geometric characterization, CT scans, 3D reconstruction,
materials modeling, and Finite Element Method (FEM)
implementation were elaborated by RM, under JM and
GR’s supervision (Ultrasonics Lab.). The results acquisition,
experimental validation, and interpretation were carried on by
the Ultrasonics Lab. as well. On the other hand, the cadaveric
SLIL samples extraction was made by the medical team in this
manuscript (PH-C, OR, and IS-M). All authors contributed to
the article and approved the submitted version.

FUNDING

This research was funded by the Ministry of Education Grants
DPI2017-83859-R, EQC2018-004508-P, and UNGR15-CE-3664;
Ministry of Health Grants DTS15/00093 and PI16/00339; and
Junta de Andalucia Grants, B-TEP-026-UGR18, IE2017-5537,
P18-RT-1653, PI-0107-2017, and PIN-0030-2017.

Frontiers in Physiology | www.frontiersin.org

14

January 2022 | Volume 12 | Article 749372


https://doi.org/10.5281/zenodo.5607291
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Marqués et al.

Biomechanics of Carpal Row

ACKNOWLEDGMENTS

An ICARO scholarship supported this investigation, and the
chance of its continuation has been possible thanks to a

REFERENCES

(2002). Biodigital Human Visualization Platform. Available online at: https://
human.biodigital.com/

(2013). Zenodo Open-Access Repository. Available online at: https://zenodo.org/

(2017). FEBio Software Suite. Available online at: https://febio.org/

Autodesk®(2017). Autodesk® Meshmixer™. Available online at: https://www.
meshmixer.com/

Bajuri, M. N., Kadir, M. R. A, Raman, M. M., and Kamarul, T. (2012).
Mechanical and functional assessment of the wrist affected by rheumatoid
arthritis: a finite element analysis. Med. Eng. Phys. 34, 1294-1302.
doi: 10.1016/j.medengphy.2011.12.020

Berger, R. A, Imeada, T., Berglund, L., and An, K.-N. (1999). Constraint
and material properties of the subregions of the scapholunate interosseous
ligament. J. Hand Surg. 24, 953-962. doi: 10.1053/jhsu.1999.0953

Bower, A. F. (2009). Applied Mechanics of Solids. Brown University, NY: CRC Press.
doi: 10.1201/9781439802489

Bryce, T. (1896). Certain points in the anatomy and mechanism of the wrist-joint
reviewed in the light of a series of Rontgen ray photographs of the living hand.
J. Anat. Physiol. 31(Pt 1):59.

Carrigan, S. D., Whiteside, R. A., Pichora, D. R., and Small, C. F. (2003).
Development of a three-dimensional finite element model for carpal load
transmission in a static neutral posture. Ann. Biomed. Eng. 31, 718-725.
doi: 10.1114/1.1574027

Crisco, J. J., Heard, W. M., Rich, R. R,, Paller, D. J., and Wolfe, S. W. (2011). The
mechanical axes of the wrist are oriented obliquely to the anatomical axes. J.
Bone Joint Surg. 93(2):169. doi: 10.2106/JBJS.1.01222

De Moraes, T. F., Amorim, P., Azevedo, F. S., and da Silva, J. (2011). InVesalius—
an open-source imaging application. Comput. Vis. Med. Image Process. 405.
doi: 10.1201/b15810-42

de Roo, M. G., Muurling, M., Dobbe, J. G., Brinkhorst, M. E., Streekstra, G. J.,
and Strackee, S. D. (2019). A four-dimensional-ct study of in vivo scapholunate
rotation axes: possible implications for scapholunate ligament reconstruction.
J. Hand Surg. 44, 479-487. doi: 10.1177/1753193419830924

Ebrahimi, F. (2012). Finite Element Analysis: New Trends and Developments.
Croatia: In Tech. doi: 10.5772/3352

Elsaftawy, A., Jabtecki, J., Jurek, T., Domanasiewicz, A., and Gworys, B. (2014).
New concept of scapholunate dissociation treatment and novel modification
of Brunelli procedure-anatomical study. BMC Musculoskelet. Disord. 15:172.
doi: 10.1186/1471-2474-15-172

Eschweiler, J., Stromps, J.-P., Fischer, M., Schick, F., Rath, B., Pallua, N,, et al.
(2016). Development of a biomechanical model of the wrist joint for patient-
specific model guided surgical therapy planning: part 1. Proc. Instit. Mech. Eng.
H 230, 310-325. doi: 10.1177/0954411916632791

Garcia-Elias, M., Lluch, A. L., and Stanley, J. K. (2006). Three-ligament tenodesis
for the treatment of scapholunate dissociation: indications and surgical
technique. J. Hand Surg. 31, 125-134. doi: 10.1016/.jhsa.2005.10.011

Gislason, M. K., and Nash, D. (2012). Finite Element Modelling of a Multi Bone
Joint: The Human Wrist. Croatia: In Tech.

Gislason, M. K., Stansfield, B.,, and Nash, D. H. (2010). Finite element
model creation and stability considerations of complex biological
articulation: the human wrist joint. Med. Eng. Phys. 32, 523-531.
doi: 10.1016/j.medengphy.2010.02.015

Hammert, W. C., Boyer, M. L, Bozentka, D. J., and Calfee, R. P. (2012). ASSH
Manual of Hand Surgery. Oxford University, CL: Elsevier.

Harrington, R., Lichtman, D., and Brockmole, D. (1987). Common
pathways of degenerative arthritis of the wrist. Hand Clin. 3, 507-527.
doi: 10.1016/S0749-0712(21)00767-8

Johnson, J. E., Lee, P., McIff, T. E., Toby, E. B., and Fischer, K. J. (2013).
Effectiveness of surgical reconstruction to restore radiocarpal joint mechanics

predoctoral contract from FIBAO and the actual doctoral
contract from the University of Zaragoza. The contributions
by the San Cecilio Hospital and the Ultrasonic Lab are
gratefully acknowledged.

after scapholunate ligament injury: an in vivo modeling study. J. Biomech. 46,
1548-1553. doi: 10.1016/j.jbiomech.2013.03.020

Johnston, J. D., Small, C. F., Bouxsein, M. L., and Pichora, D. R. (2004).
Mechanical properties of the scapholunate ligament correlate with bone
mineral density measurements of the hand. J. Orthopaed. Res. 22, 867-871.
doi: 10.1016/j.orthres.2003.12.009

Kaawach, W., Ecklund, K., Di Canzio, J., Zurakowski, D., and Waters, P. M.
(2001). Normal ranges of scapholunate distance in children 6 to 14 years
old. J. Pediatr. Orthopaed. 21, 464-467. doi: 10.1097/01241398-20010700
0-00010

Kitay, A., and Wolfe, S. W. (2012). Scapholunate instability: current
concepts in diagnosis and management. J. Hand Surg. 37, 2175-2196.
doi: 10.1016/j.jhsa.2012.07.035

Li, Z., Kim, J.-E., Davidson, J. S., Etheridge, B. S., Alonso, J. E., and
Eberhardt, A. W. (2007). Biomechanical response of the pubic symphysis
in lateral pelvic impacts: a finite element study. J. Biomech. 40, 2758-2766.
doi: 10.1016/j.jbiomech.2007.01.023

Little, R., Wevers, H., Siu, D., and Cooke, T. (1986). A three-dimensional
finite element analysis of the upper tibia. J. Biomech. Eng. 108, 111-119.
doi: 10.1115/1.3138589

Maas, S. A., Ellis, B. J, Ateshian, G. A., and Weiss, J. A. (2012).
FEBio: finite elements for biomechanics. J. Biomech. Eng. 134:011005.
doi: 10.1115/1.4005694

Marai, G. E., Crisco, J. J., and Laidlaw, D. H. (2009). “Development of a kinematic
3D carpal model to analyze in vivo soft-tissue interaction across multiple static
postures,” in Engineering in Medicine and Biology Society, 2009, EMBC 2009,
Annual International Conference of the IEEE (Chicago, CL: IEEE), 7176-7179.
doi: 10.1109/IEMBS.2009.5335319

Mohd Nazri Bajuri, M. R. A. K. (2013). Computational Biomechanics of the Wrist
Joint. Oxford University, CL: Elsevier. doi: 10.1007/978-3-642-31906-8

Nikolopoulos, F. V., Apergis, E. P., Poulilios, A. D., Papagelopoulos, P. J.,
Zoubos, A. V., and Kefalas, V. A. (2011). Biomechanical properties of the
scapholunate ligament and the importance of its portions in the capitate
intrusion injury. Clin. Biomech. 26, 819-823. doi: 10.1016/j.clinbiomech.201
1.04.009

Pappou, 1. P., Basel, J., and Deal, D. N. (2013). Scapholunate ligament injuries: a
review of current concepts. Hand 8, 146-156. doi: 10.1007/s11552-013-9499-4

Quigley, R. (2014). Development of an actuator driven cadaveric wrist testing system
for carpal kinematic studies (Ph.D. thesis). UC Irvine, Irvine, CA, United States.

Si, H. (2015). Tetgen, a delaunay-based quality tetrahedral mesh generator. ACM
Trans. Math. Softw. 41, 1-36. doi: 10.1145/2629697

Stoesser, H. L. (2016). A biomechanical investigation of scaphoid and lunate
kinematics during wrist motion (Ph.D. thesis). Faculty of Science, University of
Ontario, Ontario, ON, United States.

Vidal-Lesso, A., Ledesma-Orozco, E., Daza-Benitez, L., and Lesso-Arroyo,
R. (2014). cartilage
unicompartimental osteoarthritis. Ingenieria Mecdnica Tecnologia y Desarrollo
4, 239-246.

Watson, H. K., Weinzweig, J., and Zeppieri, J.
progression  of  scaphoid instability. Hand
doi: 10.1016/S0749-0712(21)00079-2

Wayne, J. S., and Tremols, E. (2019). Computational wrist analysis of functional
restoration after scapholunate dissociation repair. Med. Biol. Eng. Comput. 57,
1465-1479. doi: 10.1007/s11517-019-01971-6

Weiss, J. A., Gardiner, J. C, C. (2002). Ligament
material behavior is nonlinear, viscoelastic and rate-independent under
shear loading. J. Biomech. 35, 943-950. doi: 10.1016/S0021-9290(02)0
0041-6

Werner, F. W, Sutton, L. G., Allison, M. A, Gilula, L. A., Short, W. H., and
Wollstein, R. (2011). Scaphoid and lunate translation in the intact wrist and

Mechanical characterization of femoral under

The natural
13,  39-49.

(1997).
Clin.

and Bonifasi-Lista,

Frontiers in Physiology | www.frontiersin.org

15

January 2022 | Volume 12 | Article 749372


https://human.biodigital.com/
https://human.biodigital.com/
https://zenodo.org/
https://febio.org/
https://www.meshmixer.com/
https://www.meshmixer.com/
https://doi.org/10.1016/j.medengphy.2011.12.020
https://doi.org/10.1053/jhsu.1999.0953
https://doi.org/10.1201/9781439802489
https://doi.org/10.1114/1.1574027
https://doi.org/10.2106/JBJS.I.01222
https://doi.org/10.1201/b15810-42
https://doi.org/10.1177/1753193419830924
https://doi.org/10.5772/3352
https://doi.org/10.1186/1471-2474-15-172
https://doi.org/10.1177/0954411916632791
https://doi.org/10.1016/j.jhsa.2005.10.011
https://doi.org/10.1016/j.medengphy.2010.02.015
https://doi.org/10.1016/S0749-0712(21)00767-8
https://doi.org/10.1016/j.jbiomech.2013.03.020
https://doi.org/10.1016/j.orthres.2003.12.009
https://doi.org/10.1097/01241398-200107000-00010
https://doi.org/10.1016/j.jhsa.2012.07.035
https://doi.org/10.1016/j.jbiomech.2007.01.023
https://doi.org/10.1115/1.3138589
https://doi.org/10.1115/1.4005694
https://doi.org/10.1109/IEMBS.2009.5335319
https://doi.org/10.1007/978-3-642-31906-8
https://doi.org/10.1016/j.clinbiomech.2011.04.009
https://doi.org/10.1007/s11552-013-9499-4
https://doi.org/10.1145/2629697
https://doi.org/10.1016/S0749-0712(21)00079-2
https://doi.org/10.1007/s11517-019-01971-6
https://doi.org/10.1016/S0021-9290(02)00041-6
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Marqués et al.

Biomechanics of Carpal Row

following ligament resection: a Cadaver study. J. Hand Surg. 36, 291-298.
doi: 10.1016/j.jhsa.2010.11.023

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Marqués, Melchor, Sdnchez-Montesinos, Roda, Rus and
Herndndez-Cortés. This is an open-access article distributed under the terms of
the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org

16

January 2022 | Volume 12 | Article 749372


https://doi.org/10.1016/j.jhsa.2010.11.023
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

	Biomechanical Finite Element Method Model of the Proximal Carpal Row and Experimental Validation
	1. Introduction
	2. Materials and Methods
	2.1. Theoretical Background
	2.2. Computational Model
	2.2.1. Defining the Geometry
	2.2.2. Meshing Process
	2.2.3. Materials Modeling
	2.2.3.1. Bone
	2.2.3.2. Soft Tissue

	2.2.4. Boundary Conditions

	2.3. Experimental Validation

	3. Results
	3.1. 3D Real Geometry Acquisition
	3.2. Mesh Validation: Aspect Ratio
	3.3. Mesh Transformation: 2D to 3D
	3.4. Cancelous Bone Influence in Reduced Model
	3.5. Experimental SLIL Young Modulus and Poisson Ratio
	3.6. Intact SLIL
	3.6.1. Extension
	3.6.2. Flexion
	3.6.3. Radial Deviation
	3.6.4. Ulnar Deviation

	3.7. SLIL Break

	4. Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	References


