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Abstract. The subject of the study was a pre-operative application involving the use of a
locking plate in reconstruction after en bloc resection of a Stage 3 giant cell tumor from
the distal radius in a 60-year-old male patient. The essence of the application was the use
of finite element analysis to determine stresses in and deformations of the bone, plate, and
screws. A model of the distal radius was constructed using CT data from a specific patient
and the type and magnitude of the loading on the system were those experienced by the
patient during the post-surgery period. The boundary conditions used were consistent
with the aforementioned loading. Several parameters were selected as adjustable
parameters in the application builder toolbox. The maximum deformation of the plate was
5.05 mm. The maximum von Mises stress was 75.06 MPa in the bones and 1,123.35 MPa
in the plate. A loosened screw was located at the proximal zone of the plate, with the
maximum pull-out force in the screw being 679.35 N. This was comparable to the value
obtained from experimental tests, thus validating the FEA results. The maximum von
Mises stress in the system exceeded the yield strengths of the bones and of the plate
material (Ti-0Al-4V). The proposed application may be used by orthopedic surgeons to
visualize the biomechanical performance of the bones-locking plate-screws system and to
guide patients for loading actions to avoid or limit in the post-surgery period.
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1. Introduction

The locking compression plate (LCP) is widely used
in orthopaedic surgery for various types of fractures,
including those in the distal radius. The locking
compression plate is the standard plate that provides a
variable length that could fit mechanical behavior around
the fracture site. The advantage of the plate is that it
eliminates plate-bone contact and plays a crucial role in
locking the screw with the plate. The disadvantage of the
plate is that the screw can only be placed perpendicular
to the plate [1]. The most frequent combination is the
treatment of fractures adjacent to the joint [2]. A
common failure mode after distal radius locking plate
surgery is screw loosening [3]. Pull-out of the screw is
uncommon, with an incidence of < 0.5% of cases [4, 5].
One study has shown that bending of the fixation plate is
also the cause that leads to screw loosening or pull-out
[6]. Loosening tends to occur with smaller threads at the
head of the screw, which leads to eventual failure due to
micromotion [7]. The number of screws used in the
locking plate does not significantly impact overall failure
[8]. Marwan et al. reported the case of a screw loosening
in a patient who suffered distal radius fracture, which
caused the patient to have wrist and hand pain as well as
many complications, such as restricted wrist and finger
movement [9].

In orthopaedic surgery, pre-operative planning aims
to create the best surgical result while ensuring limb
functionality of a patient [10, 11]. There are many pre-
operative planning methods. Da Silva et al. performed
cranial surgery to treat cranial nerve, which included pre-
operative surgery using anatomical landmarks before
creating a 3D model of the skull. Afterward, the model
was studied before performing surgery on the patient
[12]. In the treatment of comminuted distal radius
fractures, Ozbek et al. found that the intra-operative
skyline method resulted in small amount of dorsal screw
penetration [13]. Yoshii et al. suggested pre-operative
planning for distal radius fracture treatment. By
performing a pre-operative CT scan of the injured wrist,
a 3D image was created. The dimensional coordinate of
the fixation plate and the radius bone were marked and
used as reference points [14]. Mathews et al. suggested
used pre-operative radiographs for patients who opted
for surgical correction of distal radius fracture [15].

Moreover, the finite element analysis (FEA) method
has been wused in many pre-operative planning
procedures. Ruggiero et al. performed a pre-operative
examination of the patient with temporal hollowing.
FEA was used for implant optimization [16]. Reggiani et
al. used FEA to find the model with suitable stability for
the pre-operative session. The model of the cadaveric
femur was generated from a CT scan before simulating it
in the pre-operative software. The FEA results were
validated using results from experimental tests [17]. For
surgical treatment of diaphyseal tibia fractures, Travascio
et al. reported that computational modeling could

improve the development of implant and screw design
for enhancement the bone healing [18].

Although FEA is useful in pre-operative planning, its
complexity in setting up conditions and applying loads
makes it difficult for surgeons to use directly. To address
this, we developed a simplified application where
surgeons only need to input basic parameters and run
simulations, making FEA more accessible and user-
friendly for medical use.

The purpose of the present study was to develop an
FEA-based pre-operative application to investigate the
biomechanical properties of the bones and a distal radius
locking plate system (plate and screws) used in this study
involved the en bloc resection of a Campanacci Grade 3
primary aggressive giant cell tumor of the distal radius, a
challenging tumor type due to its high recurrence
potential and aggressive nature. We limited the
application to one patient (60-year-old man) in which the
reconstruction involved placement of a vascularized
ulnar graft, using the locking plate. Thus, the screws on
the plate were used to secure the plate between the
proximal radius and the graft. A 3D model of the bones-
plate-screws system was constructed using CT data from
the patient. For the FEA, a commercially available
software package (COMSOL Multiphysics) was used.
Several parameters relevant to the clinical case were
chosen as adjustable parameters in the developed
COMSOL application. FEA was used to determine von
Mises stresses, deformations, and stress tensors in each
of the bones and the screws. Some of the FEA results
were validated using results from an experimental test.

2. Materials and Methods

The workflow of the development of the application
via the application builder function in the COMSOL
Multiphysics software is presented in Fig. 1. The
flowchart has three steps. The first step was modeling
configuration. This process involved use of from the
patient CT scan data from the patient to obtain a 3D
model (Fig. 1A). The CT scans of the patient were
obtained with the forearm in the pronation position. This
positioning was chosen to ensure optimal visualization of
the bone and surrounding structures for accurate 3D
modeling. In the second step, the FEA method was used
to calculate the stresses and deformations (Fig. 1B). In
the third step, some of the results were validated (Fig.
10).
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Fig. 1. The flowchart of the application procedure from
the surgeon’s viewpoint. (A) The workflow of the
modeling configuration from DICOM files to its
boundary conditions. (B) The FEA procedure, which
included meshing and analysis. (C) The results were used
for evaluation of biomechanical performance.

2.1. Transforming Clinical Data to 3D Model

According to Fig. 2A, the referenced clinical case in
this study was the en bloc resection at the distal radius in
a male patient (60-year-old man), with a resection length
of 4 cm [19]. After removing the tumor, the en bloc
resection reconstruction was performed using ulnar
translocation along with the vascularized grafting process
to replace the excised section of the distal radius. The
area in the scapholunate region was cut into a large slot
for the vascularized ulnar graft placement. Then cortical
screws on the locking plate were used to secure the ulnar
graft to the scaphoid, lunate, capitate, and proximal
radius (Fig. 2A). One month after surgery, a second
radiography image was taken (Fig. 2B). The image
displayed a severe deformation from the vascularized
ulnar graft. Another complication was that a screw at the
second bottom of the locking plate had loosened from its
position (see the circle in Fig. 2B). According to the
surgeon’s testimony, the patient’s activities of daily living
included lifting heavy objects, this frequent action led to
loosening screw out after one month. which made the
patient undergo another operation [19]. As such, it is
possible to use the before-and-after data as a reference to
observe the cause and effect of the failure of the implant
fixation in the patient case, which led us to create a pre-
operative application to predict potential failures.

The models used in the development of the
application were made in SolidWorks 2023 (Dassault
Systemes, France.) Models of the ulnar and radius were
reconstructed from CT scan data from the patient. The
CT scanned images were converted into a DICOM
(digital imaging and communication) format, then
rendered in the 3D Slicer. The 3D Slicer software was
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used to process CT scan data obtained from a
SOMATOM Definition CT scanner (120 kV, 167 mA,
Siemens, USA). In the 3D Slicer software, a voxel size
was set to 0.8 mm x 0.8 mm x 0.8 mm, with a slice
thickness of 1 mm was applied to the rendered model to
smoothen bone geometry further. To improve the quality
of bone density, the segmentation thresholds were set as
150 — maximum of limit thresholds. All the bone models
were assembled into a single piece, with the ulnar graft
connected to the scapholunate region and the proximal
radius connected to the ulnar graft. For the model of the
locking plate | (Stryker, Corp., Mahwah, NJ, USA) the
geometry of the plate was obtained by using vernier
scales and recreated in the SolidWorks program. The
ulnar and radius were then assembled with the plate,
which was secured using 2.3 mm-diameter screws for a
screw, the geometry is a cylinder without threads since it
has been shown that they do not affect the global
stresses in the screws and the plate. Caiti et al. showed
that the local mechanical response of the interface
between the bone and a screw thread does not influence
the major global stresses in the screws and the plate [20].
A 4-noded tetrahedral finite element mesh was used. The
sensitivity analysis was performed with mesh size
between 0.75 mm and 2.5 mm (Fig. 3A-E). The von
Mises stress was determined at a point between screw
numbers 6 and 7 (Fig. 3F).

To serve as a pre-operative tool, the developed
application must be able to simulate loading cases
simulating real life movements for each surgical case,
depending on the requirements of the patient and the
orthopedic surgeon. In this case, the loading condition
was set to be as shown in Fig. 4A; namely, bending
moment and axial compressive load. The loading was
applied at the distal-most region of the radius, and the
radius was then fixed at its proximal-most region. These
loading conditions were used to simulate the simplified
use of the forearm after the surgical operation; that is,
actions such as lifting objects, pushing oneself off a chair,
and squeezing objects.

The aforementioned loading conditions are more
complex than the simple loading case set for this case, as
the bones have many muscle groups and ligaments that
supportt the distribution of loads. The loading magnitude
and position of the loading on the bones during different
activities are extremely difficult to determine, as pointed
out in various studies [21-24]. Therefore, in the present
work, as a simplification and to serve as a general loading
case for the surgeon, the developed application assumes
the position of two loading types (Fig. 4A) which allows
the force parameters to be changed (Fig. 4B).
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Fig. 2. (A) The radiography image after performing the
surgery with the en bloc resection method on the right
distal radius of a 60-year-old man. (B) The radiograph
image of the deformed bone at the area of vascularized
graft and a screw loosened from its position at the
second bottom of the distal radius locking plate (shown
marked using the green circle). The Y-axis represents the
frontal axis and the pull-out axis (dorsal).

The radius, ulnar, scaphoid, and lunar bones were
each assumed to have linear, homogenous, and isotropic
elastic properties and were modeled to be a single solid
piece instead of having separate layers of cortical and
cancellous bones, jas previous studies have shown that
the separation between these layers has an insignificant
impact on certain finite element analyses [25-26]. To
allow for wider applicability, we have chosen to ignore, in
particular, ligaments, muscles, and tendons. As for the
mechanical properties related to the FEA of the bones,
the major one is the modulus of elasticity [27]. For our
analysis, as stated earlier, the material of all the bones
involved are homogenous and isotropic; as such, E in
cach of the bones will be obtained from that of the
radius, according to Bosisio et al., through the inverse-
finite element method, E of the radius was found to be
16 *+ 1.8 GPa. Thus, for each of the bones, we used E =
14.2 GPa, that being the lower range of the published
values in the literature [28]. The locking plate and the
screws were considered to be fabricated from Ti-6Al-4V.
The connection between the plate and the screws was
represented as a fixed union of the components. A
summary of the properties of the materials used in the
analysis is given in Table 1.

2.2. Configuration Parameters

According to Fig. 1A and 1B, the options from the
application builder contained two main parameters. First,
the conditions of the bone and the implant were
adjustable according to the surgeon's requirements.
Second, the application must simulate the results by
using stress analysis and display biomechanical results of
the bone and the implant. Therefore, to meet the
surgeon’s requirements, the applied forces to the model
must be adjustable with respect their orientations and
magnitudes depending on the physical situation of the
patient. The position of the locking distal radius plate

also should be relocated according to the surgeon’s
decision and clinical conditions (Fig. 5A). All six-degrees
of freedom of the locking plate were set as adjustable
parameters in the parameter setting (Fig. 5B). It also
included forces from the boundary conditions from Fig.
4B. The magnitude and orientation of the force to the
distal bone were obtained from physiological information
[21-24]. In the input window of the application builder,
all the adjustable parameters of forces and degree of
movements could be changed depending on situation of
patient. Therefore, these parameters appeared in the
graphic user interface (GUI). highlighted with the
rectangular box in Fig. 6.

Fig. 3. The assembly of the components comprises part
of the radius, ulnar, scaphoid, lunate, and capitate, and
the dorsal distal radius locking plate. The mean finite
element mesh size was set to (A) 2.5 mm, (B) 2 mm, (C)
1.5 mm, (D) 1 mm, (E) 0.75 mm, and (F) The von Mises
stress was extracted from a point between screws No. 6
and 7.

Force compression
T T
— — e ©

Y
Force bending
A X

Label: Parameters 1
~ Parameters
Name Expression Value

Forcecom, pression O[N] oN
Forcebending O[N] oN

Description

Fig. 4. (A) The FEA condition of the 3D model with
force applied to the scapholunate region and the capitate
(right arrows) while the fixed support was set at the end
of the proximal radius (left arrow). (B) Prerequisite
parameters of force set up for application in application
builder function.
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2.3. Output Parameters

According to Fig. 1C, the outcomes of the
application were the stresses and deformations in the
bones, locking plate, and screws. Moreover, we used a
stress tensor to analyze the stress in each direction to
better understand the biomechanics. Therefore, the stress
tensor of the loosening screw indicated the prediction of
the loosening probability of the screw. In this study, we
applied three parameters used as the output for this
simulation for analyzing the biomechanics of the bones
and the plate as well as predicting the loosening of the
screws.

First, the von Mises stress was used to denote the
stress in a body. The von Mises stress criterion was used
as the design criterion. Specifically, at any point in a given
bone, the von Mises stresses should be < 150 MPa [28],
and for the locking plate and the screws, it should be <
880 MPa [29].

Second, the deformation of the simulated case must
be within acceptable clinical limits. For this referenced
clinical case of the en bloc resection of a tumor from the
distal radius, we wused the American Academy of
Orthopaedic  Surgeons (AAOS) clinical practice
guidelines on the treatment of distal radius fractures as
the clinical failure criteria [30]. In the third section of
these guidelines, it is stated that operative fixation is
recommended for post-reduction cases in which the
distal radius shortens by more than 3 mm. Thus, for the
present study case, the distal radial shortening, observed
under any load, should be < 3 mm.

Third, the stress tensor can be used to measure the
pull-out force for a screw. Zdero et al. mentioned that
the highest stress which led to pull-out failure of a screw
occutred along its longitudinal axis [31], which we
applied in this study.

Table 1. Mechanical properties of the materials in the
model.a

Radius, Ulnar bone, Scaphoid, and Lunate
Modulus of elasticity (GPa) 14.2
Poisson’s Ratio 0.3

Yield Strength (MPa) 150.0
Locking Plate and Screws (Ti-6Al-4V)
Modulus of elasticity (GPa) 113.8
Poisson Ratio 0.34
Yield Strength (MPa) 880.0

aFor the bones and the plate, the property values were
taken from the works of [28] and [29], respectively.
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Fig. 5. (A) The six degrees of freedom of the dorsal distal
radius locking plate. (B) The prerequisite parameters of
all degrees of movement of the plate (highlighted with
the rectangular box).

Moreover, in the application builder built-in module
in COMSOL Multiphysics, we set up the command
buttons from the ribbon tab. The necessary command
buttons were for the geometry, obtaining the finite
element mesh of the model, computation of the stresses,
and the display of the results (Fig. 7A). As for the results
section, the calculated stresses and deformations were
selected (Fig. 7B). After selecting both command buttons
and display of the results, the graphic user interface
(GUI) of the developed application could be seen (Fig.
7C). All selected command buttons appeated on top of
display as highlichted with the rectangular box A (Fig.
7C) and the stresses and deformations appeared at
bottom left, as highlighted with the rectangular box (Fig.
7C). Some data on the example case that used the
developed application are given in the Supplementary
Material.

To validate the pull-out force of a screw, an
experiment was carried out per the protocols given in
ASTM F543-17 [32]. A photograph of the experimental
set-up for determining the screw axial pull-out force is
presented in Fig. 8. Specifically, a bone with an inserted
screw was tested in a universal materials testing machine
(ElectroPuls E10000; Instron, Inc.,, Norwood, MA,
USA). The screw holder was mounted over the head of a
screw. Specimens were tested at a crosshead deformation
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rate of 2 mm/min. The result obtained were the

maximum pull-out force of the screw.
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Fig. 6. The graphic user interface (GUI) of the developed
application with the input window, which showed the
adjustable parameters of the degree of movements and
force (highlighted with the rectangular box).
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Fig. 7. (A) All command buttons for the application,
showing the geometry, obtaining the finite element mesh
of the model, computation steps, and results. (B) The
results tab shows the stresses and deformation. (C) The
final display of the graphic user interface for the
developed application, with the rectangular box A
showing the command buttons and the rectangular B
showing the stresses and deformations.
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Fig. 8. Photograph of the experimental set-up used for
the determination of axial pull-out force of a screw.

3. Results
3.1. Validation of Radial Shortening

According to the surgeon, the patient’s occupation
involved lifting heavy objects [19]. One of the questions
in the questionnaire in the Institute of Work and Health
(IWH)’s disability of arm shoulder and hand (DASH)
guidelines [33] is whether the patient lifts heavy weights
(> 5 kg). As such, in the present work, we set the loading
force to be 50 N (~5 kg), applied perpendicular to the
frontal plane, with the force being applied to the dorsal
side of the scaphoid and the lunate. This is to replicate a
loading case where the patient is pointing his/her arm
forward and holding a heavy object with the palm side
down. It is important to note that in reality, the force
applied to the scaphoid and the lunate may not be exactly
50 N when holding onto an item weighing 5 kg.
However, to simplify the simulation, and to account for
cases where the patient may be lifting objects heavier
than 5 kg, the assumed loading case was used.

As mentioned earlier in the expected results section,
according to the clinical practice guidelines of the
American Academy of Orthopaedic Surgeons (AAOS)
[30], operative fixation is recommended for post-
reduction cases in which the radius shortens by < 3 mm.
From Fig. 9A and Fig. 9B, it can be seen that when a
load of 50 N was applied, FEA gave radial shortening of
1 mm. Thus, it meets the AAOS guidelines. However,
screw loosening occurred.

When comparing the simulated deformations (Fig. 9)
with the actual radiography image of the distal radius
fracture in the patient, similar deformations of the plate
were found in both cases. Thus, we can assume that the
simulated deformations can be used to predict the actual
deformations.
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3.2. Validation of Stress in Bones, Distal Radius
Locking Plate, and Screws

A model sensitivity analysis was performed, with
mean finite element meshes size of 2.5 mm, 2.0 mm, 1.5
mm, 1.0 mm, and 0.75 mm. Under the same constraints
and boundary conditions, von Mises stress determined at
a point between screw numbers 6 and 7 (Fig. 3F) were
compared and it is seen that the stress converged when
the mean mesh size was between 2.5 mm and 0.75 mm
(Table 2). Thus, a mean finite element mesh size of 1.5
mm was used in this study.

We also focused on the von Mises stresses in the
bones, locking plate, and screws. The maximum von
Mises stresses in these entities were located at a position
near the hole in a screw in the proximal section of the
plate (screw No. 7), with von Mises stresses of 75.06 and
1,123 MPa, respectively (Figs. 10A and 10B). Thus, the
highest stress concentration was observed at the region
in which a screw loosened.

The maximum von Mises stress that occurred in the -

locking plate was exceeded the yield strength of Ti-6Al-
4V, resulting in the deformation of the plate. As a result,
von Mises stress from FEA does not match with the real
situation of the radiography image from Fig. 2B since
screw pull-out, rather than plate deformation, occurred.
Even though the screw loosening behavior could not be
explained by von Mises stress in the locking plate, it
could be determined by the pull-out force of each of the
screws, which will be discussed in the following section.

3.3. Validation of Stress Tensor to Loosen Screw

The stress tensor could be used to analyze the
loosening of the because it could consider the direction
of the force effectively. The FEA from the developed
application was performed on 8 screws secured between
the locking plate and the bone. The positions of the
screws were defined as seen shown in Fig. 11A.
Consequently, Fig. 11B illustrates the pull-out force of
each screw. According to Fig. 10B, the results were
extracted from the highest stress tensor aligned in the
frontal plane, which is the loosening direction. The
maximum pull-out forces were found for screw numbers
7 and 8, which were 679.35 N and 673.54 N, respectively.
Accordingly, pull-out force was reduced at the
translocated ulnar region, in screw numbers 4, 5, and 6.
The pull-out force in this group were 132.58-137.34 N.
The lowest pull-out force (1.56-65.62 N) was found at
screw numbers 1, 2, and 3.

According to the screw axial pull-out force
experiment, the maximum pull-out force was 796.56 £
191.61 N. Sample force-versus- deformation results
obtained from this experiment are presented in
Appendix. The region of pull-out force is shown as the
shaded area in Fig. 11B. The experimental pull-out force
of screw numbers No. 7 and 8 is comparable to that
obtained using FEA (Fig. 11B). It was indicated that the

screw No. 7 and 8 could be loose. Hence, the developed
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application can be used to estimate the pull-out force of
each screw and the location of a loosened screw.

The results of the biomechanics analysis in the
developed application showed severe deformation of the
bone (Fig. 9A and 9B). The von Mises stress results
indicated deformation of locking plate (Fig. 10).
Consequently, Fig. 10 showed that the loosened screw
(screw number 7) required the highest pull-out force
calculated from stress tensor. Hence, the results from the
developed application matched those from the clinical
case (Fig. 2B) Therefore, the developed application was
validated.

Displacement (mm)

@ L I6

4

Y‘j 3
z |

‘ 2

1

/(j O

Fig. 9. The deformation contours (A) before applying the
loadings and (B) after applying the loadings. The z-axis
represents the proximal direction, while the y-axis
represents the dorsal direction.
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Fig. 10. von Mises stress contours of (A) the bones and
(B) the locking plate. The maximum stress occurred at
the bone and the locking plate at screw No. 8 hole and at
a point between screws No. 6 and 7.

Table 2. Mesh sensitivity analysis of stress at a position
between screw number 6 and 7.

Size Element Stress (MPa) Error
2.5 58,941 227.05 -

2.0 77,732 216.27 4.7
1.5 121,966 212.71 1.6
1.0 360,289 211.71 0.4
0.75 406,609 211.45 0.1
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3.4. Applicability of Application

In accordance with the ASME Verification and
Validation 40-2018 Guidelines, which provides a
systematic framework for generating accurate, reliable,
and credible computational modeling of biomedical
devices [34], the following points are made regarding the
application detailed in the present work.

The “question of interest” or the objective is to
predict possible failures of the clinical case, which was
the assigned context of use (COU). In the risk analysis of
the application, the surgeon decides “how much” the
application may influence any decisions. For the
validation of the sample application, in accordance with
the guidelines, we added a model mesh sensitivity
analysis to validate the uncertainties of the model. The
results of the mesh analysis are shown in Table 2 and
were discussed in the Results section.

As for the applicability of the model/developed
sample application, in order to achieve the COU, which,
in this case, was to predict possible failures, under
specified loads, of screws at a given location on a
locking plate system used in reconstruction following en
bloc resection of a tumor from the dorsal distal radius,
the position may be adjusted according to the translation
input variable in the x-, y-, z- axes, along with the
rotational input variable in the application. According to
Obert et al., there is no ideal position of screws on a
locking plate used to treat fracture of the distal radius
[35]. As such, in our sample application, the positions of
the screws on the locking plate may be changed,
depending on the preference of the orthopedic surgeon.
However, the orientation angle of a screw was limited to
* 5 o, which is appropriate for this clinical case; that is,
the rotation ranges are within the alignment of the radius
bone.

The loading forces may also be adjusted to simulate a
wide range of patient actions, although the positions of
the forces are fixed at the most distal part of the radius.
Two loading forces of either the axial compression or
tensile type (representing lifting weights and supporting
oneself out of a chair) wete considered in the finite
element modeling [36]. Additionally, it was noted that
under DASH’s guidelines, a load > 5 kg was considered
heavy. The present application covers those loading
conditions. However, due to the nature of how the
application was developed, the bones and the locking
plate used in the application are patient-specific, and
cannot be changed by the orthopedic surgeons directly,
and must be changed by an expert in FEA.

800

600

400 |

Pull-out force (N)

200

1 2 3 4 5 6 7 8
Screw position

Fig. 11. A summary of the screw pull-out force results
obtained using FEA (shown as the blue filled circles). (A)
the definition of screw location. (B) The pull-out force of
each screw. The shaded region denotes the range of
screw pull-out force, obtained from experimental tests.

4. Discussion

First, the results from this application, along with the
validation of the results, may only be used as a proof of
concept of the developed application, and not intended
to be used in medical contexts without further
verification of the results via further biomechanical
testing and validation with other published literature
sources on similar FEA procedures. Additionally, the
experimental results exhibited a standard deviation of
181 N, which corresponds to approximately 25.86% of
the mean pull-out force. This relatively high variability is
due to the use of real bone specimens, which inherently
differ in density and structural properties. Such variability
highlights the need for further biomechanical testing to
better account for these differences and to improve the
robustness of FEA validation.

Second, four simplifications were used in the analysis
of the sample case, especially in the transformation of
clinical data into the 3D models used in the analysis.
These simplifications were (1) each of the bones was
taken to be a homogeneous, linear and isotropic material,
(2) the E was taken to be the same for all the bones, (3)
the bone models were assumed to be entirely solid
instead of comprising separate layers cortical and
cancellous zones, and (4) the simulation of the patient
lifting heavy objects may not accurately replicate actual
service conditions.

While the developed application can be used to
simulate loading cases for patients and may be used as a
pre-operative tool, it is important to acknowledge two
key limitations of the application. These are that input
parameters for users are limited to only the placement of
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the locking plate and the loading forces were applied in
tixed positions.

For future development of FEA-based pre-operative
applications, the aforementioned limitations must be
addressed. Additionally, the ASME V&V 40-2018
guidelines [34] and any other relevant information must
be followed in order to obtain the most accurate FEA
results within the intended purpose of each clinical case
or the context of the COU.

Input variables in the developed program that would
make the application more realistic should be considered,
an example being allowing “point and choose” placement
of the locking plate. The developed application may also
be developed independently instead of being developed
from the COMSOL application. This would potentially
allow more freedom of input, and a more robust user
interface for the orthopedic surgeons who may use the
developed program as a preoperative tool.

Although FEA has been used for many medical and
biomechanical applications, it is important to consider
possible inaccuracies that may be present in simulations
of these systems [37].

The purpose of the application presented in this
study is to help orthopedic surgeons to predict possible
failure locations in a locking plate. Two attractive
features of the application are highlighted. First, it may
be used to quickly visualize the behavior of the bones,
locking plate, and screws, under different loads. Second,
orthopaedic surgeons may use it to guide patients on
types of loading to avoid or limit during the post-surgery
period.

5. Conclusions

A case study was developed and modeled using the
application builder from COMSOL Multiphysics to serve
as a proof of concept of an FEA-based pre-operative
application. The application involved reconstruction of
parts of the distal radius in a 60-year-old male patient
who underwent en bloc resection of a tumor at that site.
The approach presented here has many attractive
features, such as the user interface is robust, easy to use,
and needs only a minimal amount of input parameters
for the simulation of the patient case. Key output
parameters obtained from the application were stresses
and deformations of the bones, locking plate, and screws.
However, the model does not account for the influence
of tendons and muscles, which play a crucial role in
stabilizing and distributing loads. This limitation may lead
to underestimations of dynamic forces and stress
distributions, affecting the real-world applicability of the
findings. The application may be used by surgeons to
visualize locations in the locking system that may suffer
failure and to guide patients as to loading activities to
avoid or limit in the post-surgery period. This study
demonstrates the potential of finite element analysis-
based pre-operative applications in managing complex
cases, such as reconstruction following en bloc resection
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of a Campanacci Grade 3 giant cell tumor of the distal
radius.
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Appendix: Screw Pull-out Test Protocol and
Sample Results

According to the screw axial pull-out force protocol
described in sub-section 3.3, the maximum pull-out force
was obtained for use in validating the FEA results. Three
bone-screw sets were tested at a rate of 2 mm/min.
Sample screw axial pull-out force versus deformation
results are presented in Fig. 12.

1000
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Fig. 12. Representative experimental results (No.1-3 refer
to replicate tests, (a)-(e) refer to [38-42].
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