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Abstract: Numerical analysis computational programs are applied to the research of biological tissues,
which have complex forms. Continuous technological advance has facilitated the development of
biomodels to evaluate biological tissues of different human body systems using computerized axial
tomography to produce complex three-dimensional models that represent the morphological and
physiological characteristics of the real tissues. Biomodels are applied to numerical analysis using the
Finite Element Method and provide a perspective of the mechanical behavior in the system. In this
study, a numerical evaluation was performed by developing a biomodel of the humerus, radius, and
ulna (the elbow joint, composed of cortical bone, trabecular bone, and cartilage). Also introduced to
the biomodel were the ligaments of the capsule joint, collateral ligaments of the ulna, and collateral
ligaments of the radius. The biomodel was imported into a computer program to perform a numerical
analysis considering the mechanical properties of cortical and trabecular bone (including elasticity
modulus, shear modulus, Poisson relation, and density). The embedding conditions were defined to
restrict displacements and rotations in the proximal zone of the humerus, applying a compression
load to the other end of the biomodel at the distal area of the radius and ulna. The results are the
direct consequence of how boundary conditions and external agents are applied to the structure to be
analyzed, and the data obtained show how the behavior of the force applied through the component
produces stresses and strains as a whole, as well as for each of the components. These stresses and
strains can indicate zones with structural problems and the detection areas causing pain (assisting in
a better diagnosis).

Keywords: computer tomography; finite element method; numerical analysis; biomodel;
biological tissue

1. Introduction

Elbow injuries are very diverse, with varied degrees of severity, and are caused by
different factors derived from several activities that a person performs in their daily life.
They also occur due to the deterioration of bone structure caused by aging. The symptoms
are usually joint or upper arm pain. In activities such as tennis or golf, it is common
to suffer elbow injuries. For example, tendonitis is frequently caused by this kind of
sports activity, producing inflammation in the tendons. Also, an adequate diagnosis and

Appl. Sci. 2023, 13, 8903. https://doi.org/10.3390/app13158903 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app13158903
https://doi.org/10.3390/app13158903
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-0138-6465
https://orcid.org/0000-0001-6345-3726
https://orcid.org/0000-0003-4668-4551
https://orcid.org/0000-0001-5749-3211
https://doi.org/10.3390/app13158903
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app13158903?type=check_update&version=1


Appl. Sci. 2023, 13, 8903 2 of 18

optimal rehabilitation treatment for elbow injuries are difficult. In this sense, the use of
numerical simulations (the Finite Element Method) to assess this type of injury can be a
great healing tool. The Finite Element Method makes it possible to produce numerical
analyses to develop complex biomodels from computerized axial tomography [1]. The
Finite Element Method divides the continuum (structure, body, or biological tissue) and
characterizes the physical behavior of the problem to be investigated [2]. The continuum is
mathematically characterized by several finite elements (discretization) distinguished by
a series of unions through nodes. Each node represents a matrix solution [3]. The results
are the data obtained as displacements, strains, stresses, and the vectorial distribution
of the load. Currently, the use of computer programs is an effective alternative for the
development of research because it is convenient for performing numerical evaluations
through the structural model in digital form [4] due to the implementation of different CAD
(Computer-Aided Design and Drafting) design methodologies for the representation of
geometries, structures, and biological tissues in a three-dimensional space. The human body
is considered a structure constituted by bones, which support the body, where each element
is linked by connections formed by ligaments, which together form the skeletal system [5–7].
Computer programs have advanced considerably, providing the opportunity to develop
biomodels with morphological characteristics (almost identical to the real ones) with the
assurance of not compromising the patient’s physical integrity. In this research project, a
complete biomodel of the elbow joint was carried out, composed of four types of biological
tissues (cortical bone, trabecular bone, ligament, and cartilage) [8,9]. We developed a
numerical analysis using a computer program that implements a mathematical solution
by the Finite Element Method [10–12]. These biomodels can be taken as measurement
points, which indicate an approximation of how the bone structure’s biological tissues
deteriorate, indicate the severity of the injury, help propose recovery treatments, etc. This
numerical analysis was performed on a healthy subject but could be applied to an injured
patient to generate a biomodel with a malformation, such as blunt trauma to the joint or
wear on the ligaments, tendons, and cartilage. This new methodology is an alternative to
prosthesis fabrication since the biomodels of any system of the human body that presents
some condition can be reproduced in a personalized manner (without compromising the
patient’s physical integrity). Even applying this new methodology preceding reconstructive
surgical procedures can improve the surgical process and rehabilitation. For example,
physiotherapeutic treatments that use resources, such as massage therapy techniques,
electrical stimuli, and thermal means, among others, can apply the numerical evaluation to
determine the amount of force that could produce an injury.

2. Methodology

The methodology to develop a biomodel derives from a series of steps that involve
computerized tomography in the DICOM format. For this study case, a computerized
tomography scan of half of the patient’s torso was performed, where the working area to
be characterized was enclosed (Figure 1) and included the elbow bones (humerus–radius–
ulna), cartilage, and ligaments (Figure 2) [13]. Initially, the files obtained were imported into
a computer program that can read the format. Next, a workspace was opened, consisting
of four views (coronal, sagittal, axial, and total visualization of the model) where the slices
that make up the tomography could be seen (Figure 3). It is possible to delimit the working
area, and the software can automatically differentiate biological tissues. For this biomodel,
a density mask range selection had a minimum value of 226 and a maximum value of 3071.
The computational program can delimit the contour of the area of interest (Figure 4) without
exceeding the established thickness (in this case, the cortical bone of the humerus, radius,
and ulna). For trabecular bone, the density mask range was produced by an automatic
procedure (cavity fill command), which identifies the cavity in the cortical bone and fills
the space with soft material. However, the ligaments cannot be seen in computerized
tomography, so ligaments were introduced in the biomodel by filling material in the space
where the biological tissue is missing, which must be carried out manually (although the
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ligaments may present structural contact mismatch due to the complex shape or thickness
of the structure) (Figure 5). Biomodel errors or mismatches are modified using reduction
and smoothing commands for the component until the desired biological shape is correct.
When generating contact between cortical bone and ligament, the most common thing
that occurs is elements overlapping, which is resolved by performing a Boolean operation
(removing the excess in material) and generating a uniformly smooth contact. Once the
process has finished for each of the layers, the biomodel is operational and can be observed
in the design window (Figure 6).
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After the construction of the model, it was necessary to perform smoothing on the
surface of each element. The procedure was completed by importing the model into
another design software and producing a solid component (volume). The component
elements were generated from discretization procedures of similar sizes and shapes. The
model file was saved in an STL format, and the biomodel was exported to the Finite Ele-
ment Method software and retained the same characteristics developed from the previous
program because it was discretized as a solid mesh (which does not interfere with the
defining time construction in the FEM discretization). The final biomodel was composed of
different geometries—the cortical–trabecular bone, the cartilage (radius–ulna–humerus),
and the elbow ligaments (capsule joint–collateral ligament and annular ligament of the
radius–collateral ligament of the ulna)—which are assembled (representing the elbow joint)
(Figure 6).
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The development of the biomodeling of the elbow articulation (arm bones, ligaments,
and cartilage) was performed as follows [14,15]:

• Obtaining of the computerized axial tomography (upper limb).
• Development of images in DICOM format.
• Image importation into the Materialise Mimics® computer program.
• Delimitation of the area of interest for the development of the biomodel (elbow).
• Application of masks in the work area where the bones (cortical and trabecular) and

cartilage will be represented.
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• Development of the capsule joint, implementing the mask around the contour between
the bones that make up the elbow joint (humerus, radius, and ulna).

• Development of ligaments through a mask that fills the gaps between the bones.
• Application of smoothing to the surface of the biomodel.
• Export of the biomodel to the 3-Matic Medical® program for the application of a mesh

to obtain elements of similar size.
• Solidification of the biomodel through re-meshing.
• Exportation of the biomodel to a format with an extension compatible with the An-

sys Workbench® program, which implements the Finite Element Method, for the
development of numerical analysis.

3. Numerical Analysis

The execution of the numerical analysis was carried out in a computer program, Ansys
Workbench® R1 2021, which applied a solution produced by the Finite Element Method
using the previous numerical biomodel (representation of the biological tissue assembly). A
structural static analysis was performed considering linear elastic behavior and orthotopic
mechanical properties. Tables 1–3 show the mechanical properties characterizing the
biological tissues (cortical bone, trabecular bone, ligaments, and cartilage) [16–18]. Figure 7
shows the loading and boundary condition configuration (free body diagram). Figure 8
shows the commands and the windows where the data in the tables are introduced. For
discretization, high-order elements were selected, and the total assembly of the biomodel
was composed of 17 solids, consisting of 857,746 nodes and 485,731 elements (Figure 9).
The boundary conditions were given by the characteristics of an embedding, where the
degrees of freedom were limited for the X, Y, and Z axes. Also, we restricted rotations in
the XY, YZ, and XZ planes. In the humeral head part (Figure 10, yellow area), the load
was applied on the distal part of the radius and ulna (on the longitudinal axis), which
corresponds to the X axis (Figure 10, red area), as if the human being were standing on their
hands. An individual weighing 78 kg was selected, and the weight was divided between
the two arms on which the individual stood (conversion to Newtons was performed). The
external agent was applied to the individual’s head (in the longitudinal axis), and the axial
load applied was approximately 382.6 N.

Table 1. Mechanical properties assigned to the computational biomodel of cortical bone.

Young’s Modulus (MPa) Shear Modulus (MPa) Poisson Ratio

E1 = 16,000 G12 = 3200 υ12 = 0.30
E2 = 6880 G23 = 3600 υ23 = 0.45
E3 = 6300 G13 = 3300 υ13 = 0.30

Table 2. Mechanical properties assigned to the computational biomodel of trabecular bone.

Young’s Modulus (MPa) Shear Modulus (MPa) Poisson Ratio

E1 = 1352 G12 = 292 υ12 = 0.30
E2 = 968 G23 = 370 υ23 = 0.30
E3 = 676 G13 = 505 υ13 = 0.30

Table 3. Mechanical properties assigned to the computational biomodel.

Component Young’s Modulus Poisson Ratio

Ligament 6100 MPa 0.45
Cartilage 0.8 MPa 0.07
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4. Results

The numerical simulation results concerning the compressive load (along the longitu-
dinal axis of the biomodel) show significant effects represented by the total displacement,
general strains, and von Mises stress. Nevertheless, more results could be presented in
the form of stresses, strains, and displacements to distinguish different effects, but for this
study the above data show the highlighted consequences. Also, the results can be seen as a
biomodel assembly conjunction or viewed individually for each element that makes up the
biomodel (Figures 11–21).
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Figure 15. Von Mises’s stress results. (a) Complete model of the elbow joint. (b) Radius–ulna (cortical
bone). (c) Humerus cortical bone. (d) Radius–ulna (trabecular bone). (e) Humerus trabecular bone.
(f) Radius cartilage. (g) Cartilage of the humerus. (h) Ulna cartilage.
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5. Discussion

Although there are currently different types of medical treatments for conditions that
affect the human body, they have disadvantages because one cannot establish a diagnosis
without compromising the integrity of the patient. Technology could be a supporting tool
since the constant evolution in this area allows us to continue researching and providing
solutions to different problems of the human body facing adversity. New technologies
generate alternatives for surgical procedures, preventive methodologies, and corrective
treatments. Numerical analyses are a reliable option for representing biological systems
because they can simulate biological tissues in a three-dimensional manner, to which
the conditions of its environment are applied. This study develops a methodology to
produce a numerical biomodel for the simulation of the elbow joint and implementation of
digital tools to perform a numerical evaluation (complemented with physics and structural
mechanics knowledge). By developing a structural numerical evaluation of the healthy
joint by the Finite Element Method, we obtained results showing how the structure behaves
under the effect of compressive loading. The load distribution along the longitudinal axis
and isochromatic changes can be distinguished where a maximum and minimum tensile
stress is present, where the maximum represents the area prone to injury or even a fracture
that could occur in this biological system. A biomodel is generated with characteristics that
resemble the human body because it is developed from computerized axial tomography,
which represents the bones, cartilage, and ligaments. Although the biofidelity of the
biomodel can be questioned, it is clear that the characteristics of the biomodel represent 90%
of the human morphology of the bone structure. It is worth mentioning that the internal
structure that constitutes the biological tissue is too complex, so computerized tomography
can be used to produce similar external dimensions. To quantify the error between the
human component and the biomodel, it would be necessary to extract the human bone and
obtain the mismatch percentage. The research objective was to produce biomodels and
numerical evaluations so that diagnosis can be developed without affecting the integrity
of the patient. Regarding the benefits of carrying out this type of research project where a
biomodel is used, there is no doubt that it can cover several areas where medical diagnoses
are implemented for the development of preventive and corrective treatments for a specific
condition that affects the bone and joint structures of the human body. According to the
results, the maximum total displacement occurs when the compressive load is applied,
causing the bones (radius and ulna) to tend to separate at the interosseous membrane.
Also, the strain describes the load tendency effect that affects the cartilage in the trochlea
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of the humerus zone. These results indicate the areas where the generation of cartilage
wear begins. Finally, regarding the general stress distribution data, there is a change in
isochromatic colors that is shown at the longitudinal part of the humerus and the section
of the proximal part of the radius, initiating the volume reduction of these elements, and
these changes tend to generate small lesions or even a crack in the bone. To better highlight
the isochromatic changes that demonstrate how the stress is distributed in each component,
an individual evaluation was performed. With this evaluation, the critical zones showing
the maximum stresses are better appreciated, with smaller stress fields in the ulna, radius,
and humerus. It can be stated that the affected area is located at the capsule joint. It
can be concluded that at these points the load exceeds the structural resistance of the
component. Also, there will be a separation between the capsule joint and the cortical bone,
which can generate a joint effusion that causes pain. The authors have carried out projects
where different methodologies were used for the development of biomodels applied to
rehabilitation work and bone diseases, where it is considered an innovative process in
medicine, biology, and dentistry [19–24].

6. Conclusions

The numerical evaluation presented has the advantage that the biomodel developed
has a biofidelity that allows it to represent the morphological characteristics of the bones
that constitute the elbow joint. The biological system is considered a continuous solid
that has a defined volume suitable for developing the numerical analysis that applies the
Finite Element Method. The results obtained showed the presence of stress concentrators
and areas prone to injury or fractures. The von Misses stress results showed that, for the
general analysis of the assembly, a slight isochromatic change is present in the proximal
part of the humerus. The numerical analysis of individual components shows how the
maximum stress is concentrated in the area where the ligaments are related to the bones.
On the other hand, it was observed in the analysis that the elastic limit of the biological
system was not exceeded. The results obtained and the behavior shown in this case (by
the biomodel) can be validated by performing experimental tests. However, this is nearly
impossible due to the cost, the risk to the patient, and established hygienic regulations.
Numerical analysis can avoid experimental procedures, reduce costs, reduce time, and
could be closer to reality. This shows that the application of these technological tools
can influence different medical areas. All the results obtained are shown in Appendix A,
Tables A1–A4. With this type of model, one can also add and simulate fractures in the bone
or injuries that affect the joint, such as injuries to the ligaments or cartilage, because the
human body degenerates as it completes its life cycle. Also, characterizing wear on the
elbow joint is generated by developing repetitive or overextension movements that are
commonly generated by the practice of sport, directly affecting the cartilage. Additionally,
in the field of sports, the representation of bones with this method can be used to measure
how the biological tissue is degenerating by carrying out a previous study when the joint
is healthy or presents a previous injury and implementing a measurement period, so that
at the end of this a new model is made to observe how much the biological tissue that is
being studied has degenerated. It can also be used when a fracture occurs to determine
how it is regenerated during the healing process, with the objective of determining whether
there are malformations during this period. Finally, this biomodel can be used to generate
a prosthesis design in a personalized manner. It can even develop bone prototypes using
3D printers with the purpose of developing bone models implementing biocompatible
materials.
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Appendix A

Table A1. Summary of general results of numerical evaluation of the humerus.

Concept Cortical Bone Trabecular Bone Cartilage

Maximum Minimum Maximum Minimum Maximum Minimum

Total displacement (mm) 3.80 0 3.70 0 3.87 3.32
Directional displacement,

X axis (mm) 1.16 −0.21 1.02 −0.071 1.03 0.02

Directional displacement,
Y axis (mm) 0.010 −1.57 0.008 −1.51 −1.42 −1.58

Directional displacement,
Z axis (mm) 0.002 −3.46 0.007 −3.28 −2.97 −3.53

Elastic Strain 0.005 −1.85 × 10−8 0.015 5.69 × 10−5 0.056 0.0001
Elastic Strain, X axis 0.001 −0.002 0.007 −0.005 0.018 −0.023
Elastic Strain, Y axis 0.0008 −0.0006 0.008 −0.006 0.014 −0.005
Elastic Strain, Z axis 0.001 −0.002 0.005 −0.005 0.025 −0.019

Von Mises stress (MPa) 33.5 0 11.65 0 4.02 × 10−8 3.68 × 10−11

Nominal X-axis stress (MPa) 25.46 −36.62 11.28 −8.86 1.35 × 10−8 1.69 × 10−8

Nominal Y-axis stress (MPa) 10.99 −6.80 2.47 −2.35 1.14 × 10−8 −4.67 × 10−9

Nominal Z-axis stress (MPa) 15.68 −15.85 4.22 −4.24 1.95 × 10−8 1.44 × 10−8

Maximum principal
stress (MPa) 27.29 −5.50 12.98 −1.27 2.50 × 10−8 −8.46 × 10−10

Middle principal stress (MPa) 10.78 −10.63 2.67 −2.25 6.04 × 10−9 −2.47 × 10−9

Minimum principal
stress (MPa) 5.63 −37.19 1.15 −10.79 9.68 × 10−10 −2.13 × 10−8

XY shear stress (MPa) 7.89 −6.84 2.39 −2.09 7.73 × 10−9 −8.98 × 10−9

YZ shear stress (MPa) 6.57 −8.47 1.92 −2.45 5.06 × 10−9 −7.18 × 10−9

XZ shear stress (MPa) 13.45 −11.04 4.20 −5.52 9.51 × 10−9 −1.34 × 10−8

Table A2. Summary of general results of numerical evaluation of the ulna.

Concept Cortical Bone Trabecular Bone Cartilage
Maximum Minimum Maximum Minimum Maximum Minimum

Total displacement (mm) 10.26 3.26 10.07 3.68 4.11 3.31
Directional displacement, X axis (mm) 1.99 0.08 1.82 0.37 0.92 0.07
Directional displacement, Y axis (mm) −1.41 −2.90 −1.52 −2.85 −1.43 −1.61
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Table A2. Cont.

Concept Cortical Bone Trabecular Bone Cartilage
Maximum Minimum Maximum Minimum Maximum Minimum

Directional displacement, Z axis (mm) −2.90 −9.69 −3.32 −9.50 −2.97 −3.68
Elastic Strain 0.006 5.92 × 10−6 0.017 0.0001 0.04 2.87 × 10−5

Elastic Strain, X axis 0.002 −0.002 0.009 −0.007 0.02 −0.015
Elastic Strain, Y axis 0.0007 −0.0006 0.001 −0.002 0.004 −0.003
Elastic Strain, Z axis 0.001 0.002 0.006 −0.004 0.017 −0.017

Von Mises stress (MPa) 48.72 0 14.41 0 3.43 × 10−8 1.75 × 10−11

Nominal X-axis stress (MPa) 35.08 −47.64 12.72 −9.83 1.73 × 10−8 −1.15 × 10−8

Nominal Y-axis stress (MPa) 7.83 −10.74 2.25 −2.42 3.84 × 10−9 −2.84 × 10−9

Nominal Z-axis stress (MPa) 11.63 −15.83 3.97 −3.55 1.37 × 10−8 −1.35 × 10−8

Maximum principal stress (MPa) 37.32 −5.19 13.79 −1.34 2.23 × 10−8 −2.11 × 10−10

Middle principal stress (MPa) 8.75 −11.18 3.55 −3.45 6.17 × 10−9 −3.82 × 10−9

Minimum principal stress (MPa) 4.85 −50.81 1.22 −10.07 6.83 × 10−10 −1.81 × 10−8

XY shear stress (MPa) 7.95 −7.14 3.18 −5.15 6.12 × 10−9 −6.36 × 10−9

YZ shear stress (MPa) 9.47 −8.48 2.08 −2.78 7.35 × 10−9 −4.25 × 10−9

XZ shear stress (MPa) 12.52 −14.16 7.12 −5.06 1.31 × 10−8 9.61 × 10−9

Table A3. Summary of overall results of numerical evaluation of radius.

Concept Cortical Bone Trabecular Bone Cartilage
Maximum Minimum Maximum Minimum Maximum Minimum

Total displacement (mm) 10.54 3.85 10.34 4.00 4.16 3.82
Directional displacement,

X axis (mm) 2.30 0.66 2.18 0.80 1.18 0.64

Directional displacement,
Y axis (mm) −1.54 −3.01 −1.57 −2.96 −1.53 −1.61

Directional displacement,
Z axis (mm) −3.44 −9.88 −3.56 −9.69 −3.40 −3.67

Elastic Strain 0.005 5.34 × 10−6 0.016 5.34 × 10−6 0.03 0.0001
Elastic Strain, X axis 0.002 −0.002 2.07 −3.48 0.008 −0.010
Elastic Strain, Y axis 0.0005 −0.0007 5.83 −5.57 0.006 −0.0010
Elastic Strain, Z axis 0.002 −0.001 0.009 −0.007 0.011 −0.009

Von Mises stress (MPa) 37.32 0 14.22 0 2.16 × 10−8 7.42 × 10−11

Nominal X-axis stress (MPa) 38.11 36.65 9.70 −8.77 6.73 × 10−6 −8.00 × 10−9

Nominal Y-axis stress (MPa) 7.01 −7.96 2.07 −3.48 5.22 × 10−9 −1.65 × 10−9

Nominal Z-axis stress (MPa) 15.17 −13.84 5.83 −5.57 9.33 × 10−9 −7.03 × 10−9

Maximum principal stress (MPa) 41.53 −4.99 11.56 −1.21 1.56 × 10−8 −4.33 × 10−10

Middle principal stress (MPa) 8.40 −7.45 2.02 −2.37 4.52 × 10−9 4.23 × 10−9

Minimum principal stress (MPa) 5.16 −37.00 0.93 −11.2 9.94 × 10−10 −1.13 × 10−8

XY shear stress (MPa) 10.83 −5.84 3.87 −2.33 2.72 × 10−9 −4.05 × 10−9

YZ shear stress (MPa) 4.17 −11.38 2.77 −2.40 8.94 × 10−9 −2.24 × 10−9

XZ shear stress (MPa) −11.09 −11.09 7.52 −4.36 3.15 × 10−9 −1.77 × 10−8

Table A4. Summary of general results of numerical assessment of the elbow joint.

Concept Capsule Joint Ligaments of the Radius Ligaments of the Ulna

Maximum Minimum Maximum Minimum Maximum Minimum

Total displacement (mm) 4.53 2.76 4.20 3.51 4.19 3.36
Directional displacement, X axis (mm) 1.25 −0.01 1.27 0.38 0.43 −0.08
Directional displacement, Y axis (mm) −1.26 −1.66 −1.44 −1.61 −1.45 −1.65
Directional displacement, Z axis (mm) −2.41 −3.87 −3.06 −3.71 3.03 −3.83

Elastic Strain 0.006 2.00 × 10−5 0.017 2.09 × 10−6 0.012 1.08 × 10−6

Elastic Strain, X axis 0.004 −0.004 −0.008 −0.006 0.006 −0.004
Elastic Strain, Y axis 0.002 −0.001 0.008 −0.004 0.001 −0.001
Elastic Strain, Z axis 0.003 −0.004 0.005 −0.007 0.004 −0.005

Von Mises stress (MPa) 37.66 0 103.3 0 73.49 0
Nominal X-axis stress (MPa) 34.22 −40.48 102.6 −39.28 30.39 −38.10
Nominal Y-axis stress (MPa) 17.71 −22.10 52.39 −21.20 15.36 −20.77
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Table A4. Cont.

Concept Capsule Joint Ligaments of the Radius Ligaments of the Ulna

Maximum Minimum Maximum Minimum Maximum Minimum

Nominal Z-axis stress (MPa) 18.15 −25.81 65.00 −62.19 34.97 −20.42
Maximum principal stress (MPa) 34.32 −12.02 115.19 −15.52 38.52 −7.87

Middle principal stress (MPa) 18.96 −21.66 63.34 −28.37 24.06 −18.40
Minimum principal stress (MPa) 11.27 −43.95 39.42 −94.40 12.73 −49.20

XY shear stress (MPa) 15.52 −12.91 25.26 −26.15 7.73 −17.11
YZ shear stress (MPa) 7.54 −9.14 42.17 −5.95 12.38 −28.54
XZ shear stress (MPa) 13.41 −19.75 28.34 −25.33 19.07 −14.26
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