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Abstract. Transverse diaphyseal fracture is one of the most common fractures caused by accidents.
The fracture treatment needs surgery to apply the fixations that matched the bone geometry. This
paper aims to reverse engineering of a published bone plate and screw criteria into a three-
dimensional (3D) model and analyze them using the finite element method (FEM) in several factors,
the bone, the plate, the screw, the unification of plate and screw, and combination all components.
This paper conducts two main activities of designing plate and screw based on literature for ulna bone
implant and running the FEM to achieve the von Misses stress in the plate, screw, and bone by placing
load and constrained area based on the actual use of the implant in the patient. The maximum number
in von Misses stress are 5.01855 MPa for bone only, 0.00918 MPa for plate only, 193.304 MPa for
screws only, 6.28160 MPa for the assembly screws and a plate, and 761.07 MPa for all unification.
All simulation results meet the expectation that the bone analysis is less than the compressive strength
of the ulnar bone. Moreover, when applied to the bone, the plate and screw analysis and the assembly
also demonstrate a lower number than the yield strength of the properties of the Ti6Al4V materials.
All this biomechanical assessment confirms that designs could withstand ulnar bone’s ultimate
flexural load and pressure. The finite element analysis (FEA) on the proposed recreated dimension
on ulnar plate and screw is expected to accelerate the rehabilitation process of radius ulnar fracture,
particularly in the transverse diaphyseal fracture in ulna bone.

Introduction

Traffic accident is a public health problem worldwide. Based on road traffic injuries data by World
Health Organization (WHO) in 2020, more than 1.3 million people are killed every year by traffic
accidents. The high number of accidents resulting in fractures indicates that the need for bone
implants is increasing. One of the most common fractures caused by accidents is the ulnar radius
fracture [1]. Bone forearm fracture also might be caused by cancer or other pathologic bone disorders
[2]. The discontinuity on the ulnar radius bone, particularly that makes the open fracture, will issue
microorganism contamination that eventually causes infection [3]. The treatment by general hospitals
offers a procedure of open reduction internal fixation (ORIF) that using the application of plate and
screw in the surgery [4]. The developing countries that still have issues on the prosperity of public
healthcare providers will suffer the high import numbers in medical devices, such as plates and
screws. For example, Indonesian national health insurance, called as BPJS, burdens and debts are
generally due to the unresolved obligations of BPJS participants and the high number of imports of
medical devices that reach 92% of the equipment availability throughout Indonesia. The
independence of self-producing medical tools, such as plates and screws, will tackle the national
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health problem. In the self-producing medical equipment industry, a country should consider many
aspects, including the failure in the production process, patient use, and post-application evaluation.

FEA has been widely used to predict component response in forces, environmental conditions, and
its failure by analyzing the material properties, geometry, mechanical and thermal loads as the input
number that helped engineers predict mechanical engineering, thermal and fluid flows,
electromagnetic fields, biomathematics, geomechanics, and business management to medical
applications [5]-[7]. In addition to material testing, FEA is further employed to measure
biomechanical interactions in body organs such as ligaments and bones because it can measure
biomechanics influenced by the geometry and structure of organs given a load [8]. For instance, in
pre-surgery cases, FEA determines structural analysis of humerus fracture bone to find out the load
at which fracture occurs and predict suitable alternative materials for bone implants [9]. In bone
implant, a paper analyzes in planning the twelve three-dimensional (3D) implant models to support
the prostheses that can predict the variation in geometry, in particular diameter, length, and splinting
factors, single-unit crowns, splinted crowns straight-line, and offset implant configuration, has
different effects on the mechanical properties of stress and strain in bone tissue which is can helped
engineer to calculate and designing implant with low cost [10]. Using the FEA, another paper reveals
that the geometry, such as the diameter in a dental implant, has different effects on gap formation and
fatigue failure in micro assessments [11]. In addition, the finite element with nonlinear technique has
been successfully comparing the post-market evaluation between bone implants in locking plates and
conventional plates [12]. Even the FEA has already helped investigate the biomechanical assessment
in several surgeries and implant planning conditions. Still, there is no related information on how the
finite element works in the bone material itself.

In case of implant for ulnar bone, previous research already presented the designs of plates using
composite materials for transverse diaphyseal fracture implant. The paper claimed that the ideal plate
for the ulna bone has a length of 78mm. In general, the lower the ratio of plate length to span length,
the lower the stiffness of the entire bone and implant when joined. In addition, the paper also
mentioned the ideal plate length is 10 mm with a thickness of 4.5mm. At the same time, the distance
between the holes is 9.5mm [13]. However, the disadvantage was they did not mention the specific
design for the screw itself that fixes the plates for the ulnar bone and on the other side. Another
drawback reveals that composite materials are still not a solution for the bone implant because the
mechanical properties and degradation rate result in the bones not being fully recovered [9].
Moreover, slowing the degradation rate, the material thickness increases due to low initial mechanical
strength and rapid loss of mechanical properties in the bio environment, increasing the cost and
quantity required polymers [ 14]. In fabrication of implant, material selection and review are necessary
prior to manufacturing process.

From the previous searches and characteristics of designing ulnar bone implants, note that the
design only focused on plate, materials are complex and expensive, and the mechanical properties do
not fit enough. For this reason, this study deals with designing the plate and screw that held on a
transverse diaphyseal fracture on ulnar bone with FEA that can analyze the design at low cost. The
designs using Ti-6Al-4V because it is highly biocompatible and has good mechanical properties with
the bone.

Materials and Method

The method in this paper starts from three geometrical models of screw, plate implant and ulnar bone
that created in Solidworks computer aided design (CAD) software (Dassault Systémes, Vélizy-
Villacoublay, France) and exported to Comsol software (Dassault Systemes, VélizyVillacoublay,
France) for pre- and post-processing.

In geometrical model activities, we designed plate and screws are based on literature for ulna
bone implants. The literature mentioned that the ideal plate has a cross-section 78 mm long flat plate
with a width from 9 mm to 12 mm (with the increments of 1 mm) and a thickness from 3.35 mm to 5
mm (with the increments of 0.5mm) [13]. Figure 1 shows the plate design of this study. In this work,
we designed the plate with a length of 78 mm, a thickness of 5 mm (with 0.5 mm number of tolerance)
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and the distance between the center points of the holes is 13 mm. This plate is designed with an inner
hole of 3.5 mm (with 0.25mm number of tolerance) and an outer hole of 6 mm (with 0.50 mm number
of tolerance) to fitted for the screw head to limit excessive plate movement. Figure 1 shows the plate
design of this study. The screw head for the plate hole adjusts in the fitted countersink to limit
excessive plate movement.

5.00 +0.50 mm 13.00 mm

@3.50£0.25 mm
@6.00£0.50 mm

Figure 1. Plate design

The bone screw design follows the ISO 5835-1991 standard, using a cortical screw-type method.
A literature confirms that the invention is suitable for use as an implant in the fixation of small
fragments. Based on the International Organization for Standardization (ISO) 5835:1991 about the
ideal screw design is utilizing a 3.5 mm thread diameter with a core diameter of 2.4 mm, a screw head
diameter of 6 mm, and a pitch width of 1.25 mm. Another one explains that the anteroposterior
diameter of the ulna bone is in the range of 8.5-18.7 mm, with an average of 14.1 mm [15]. By this
literature, the screw was designed with a length of 14.8 mm, which measured from the screw neck to
the tip, so the overall size of the screw from head to the tip is 18.6 mm. Figure 2 shows the screw
configuration for the proposed implant. The screw length that enters the bone will be the overall screw
length minus the plate thickness. Here, we can calculate that the screw part that joins to the bone is
about 10 mm. It is more than half of the average ulna bone diameter.

Figure 2. Screw design

In the biomechanical study of bone and implant, FEA performs complex computations commonly
used to simulate materials to determine their characterization [16]. This method uses a general
numerical approach, namely differential equations, to solve physical problems by determining stress
and strain values in material elements. Furthermore, FEA stress that acts perpendicular to the work
surface. Stress, symbolized by sigma (o), occurs due to axial and bending forces. In computational
testing, the stress test is generally symbolized by von Mises stress (VMS). VMS is a failure test of
material when viewed from the distortion energy per volume greater than the principal stress value in
the material [17].

In this work, the implant and screw design models were converted into a .stp file and computed in
Comsol software. The load and constrained area were loaded based on the actual use of the implant
in the patient as well as a consideration of meshing type based on the ability to compute the software.
The load and force number exercised in this study is the ultimate flexural load in the ulna, which is
466 N [13]. The computational study was run using Ti6Al4V material, provided by the software.
Table 1 shows the Ti6Al4V used in this study [18]-[20]. T1Al6V4 is one of the most commonly used
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titanium alloys. It has very good biomechanical characteristics and good weldability usually used in
the medical field. The material has high biocompatibility, which is lightweight, and has easy mass
production [21]. This lightweight metal alloy also has high strength number with high corrosion
resistance that suitable for medical purpose.

Table 1. Mechanical Properties of Ti-6Al1-4V [18]-[20]

Parameter Value
Density (kg/m3) 4428.78
Tensile Strength (GPa) 1.05
Yield Strength (GPa) 0.827
Elastic Modulus (GPa) 104.8
Shear Modulus (GPa) 41.02
Poisson’s Ratio 0.31

Results

FEA in this study was run in five conditions, those were on the ulnar bone with hydroxyapatite
material; bone plate with Ti6Al4V; screw with Ti6Al4V; the combination of bone plate and screw
using Ti6Al14V; and a unify the bone and plate and screw. The selection of meshing features is based
on the ability of the software to compute, whereas the consideration of load placement is based on
the area that can have more contact with the human bone [18]. The utilized force number in this study
is 466 N as the number of the ultimate flexural load of ulnar bone [13]. First of all, the ulnar bone
simulation itself use hydroxyapatite material. It is adapted to the biomechanical conditions and
properties of cortical bone. The placement of load in the area that will contact with the plate and all
holes; the rest area was constrained. The mesh convergence is using normal mesh treatment with has
4069 domain elements and 2560 boundary elements. By this simulation, it achieves 5.08155 MPa as
the maximum VMS. Figure 3 show the maximum VMS as the red color places in the area that will
be in contact with the implant tools.

Volume: von Mises stress (MPa)
Max/Min Volume: von Mises stress (MPa) 1073 m 0 o

(A) (B)

Figure 3. Von Misses stress (A) and its meshing design (B) on the ulna bone.

Secondly, in the experiment of bone plate using Ti6Al4V material selection, the plate was meshed
extremely fine by having 75863 domain elements, 11514 boundary elements, and 1230 edge
elements. The constrains were placed in the area that will in touch with the bone, whereas the load
was placed in the rest of the area, consist of the area that has holes for screw and 5 other sides. From
the FEA simulation, the maximum VMS is 0.00918 MPa, located at the bottom of the bone plate,
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which is the cross-section when the plate is pressured to the -z-axis. The minimum pressure is 0.00002
MPa, located on the inside of the screw hole. Figure 4 indicates the maximum and minimum VMS
on the bone plate and its meshing divergence. In FEA computation of screw, the load number was
given on the whole head surface of the screw and the screw tip, whereas on the entire screw rod that
has threads were constrained. The screw was meshed using a feature of finer with created 75863
domain elements, 11514 boundary elements, and 1230 edge elements. The FEA produces 193,304
MPa as the maximum VMS value. Figure 5 shows the critical point of the screw is in the bottom of
head screw. This area also gets more pressure when applied with the bone plate.

Volume: von Mises stress (MPa) s
Max/Min Volume: von Mises stress (MPa)
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Figure 4. Von Misses stress (A) and its meshing design (B) on the ulna bone.
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Figure 5. Von Misses stress (A) and its meshing design (B) on the proposed screw
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Lastly, in two experiments of metal combination, plate and screws, and a unify of bone and the
implant were using different type of mesh, those were finer and coarse, respectively. In the one set of
a bone plate and six screws using Ti6Al4V, the mesh divergence created 206888 domain elements,
59823 boundary elements, and 14915 edge elements. Placement of all load were located in the whole
head screw, one side of plate that contacted directly with the screw and the tip screw. The constrained
areas were place in five sides of plate that not in contact with the screw and in the screw rod that
contains threads. The FEA produces a maximum VMS number of 6.28160 MPa; while the minimum
value is 0 MPa. Figure 6 shows that almost all configuration has blue color. The area that has a red
color is limited and placed at the neck screw area. Unlike the unify of plate and the six screws, the
combination with ulnar bone was using coarse as a type of mesh divergence. The model was meshed
and generates 174092 domain elements, 58030 boundary elements, and 14290 edge elements.
Placement of the loads were in the all sides of plate and screw; whereas the ulnar bone area was
constrained. The FEA computation presents that the maximum value VMS is 761.07 MPa, and the
minimum value generated is 0 MPa. Figure 7 also shows that most all area has blue color, however
the critical point of red colors are in meeting points between plate and screw as well as with the ulnar
bone. Table 2 summarizes all VMS values in five experiments in this study.
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Figure 6. Von Misses stress (A) and its meshing design (B) on the proposed bone plate and screw
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Figure 7. Von Misses stress (A) and its meshing design (B) on the proposed bone plate and screw
attached to the ulna bone

Table 2. Von Misses Stress Values in All Designs

Design Type Mesh Type Von Mises Stress (Mpa)

Max Min

Ulnar Bone Normal 5.08155 0

(Hydroxyapatite)

Bone Blate Extremely Fine 0.00918 0.00002

(Ti6Al4V)

Bone Screw Finer 193.304 0

(Ti6Al4V)

Plate combined with  Finer 6.2816 0

6 Screws (Ti6A14V)

Plate with 6 Screws 761.07 0

intact on ulnar bone Coarse

Discussion

Based on five experiments that produce VMS values in all designs, the VMS on ulnar bone has the
maximum value of 5.08155 MPa. Table 3 shows the mechanical properties of the ulna bone.
Compared to the compressive strength of the ulna bone, which is 78.19 MPa, the VMS result on ulnar
bone indicates that the ulna bone is strong enough with a given load to the screws and plates, which
will later be implanted in the bone [22]. This paragraph will only discuss the first result of bone’s
VMS. Bone is a viscoelastic material, and its properties depend on the rate of strain. The ulna bone
1s the stabilizer bone in the forearm, located medially, and is the long bone of the two forearms bones.
The ulna is the medial bone of the antebrachium. The proximal end of the ulna is large and called the
olecranon, and this structure forms the protrusion of the elbow. The biomechanical character of bone
usually determines the weighting of bone strength. Bone strength depends on mineral content,
density, elastic modulus, size, shape, age, and sex [23]. Transverse diaphysis fracture of the ulna is
a fracture that is transverse to the bone and results in angulation or direct trauma. In fracture
rehabilitation using implants, the consideration of selecting the implant must be adjusted to the
fracture examination of the patient and factors such as fracture healing, number of fractures, fracture
line fracture, size, and activeness of the patient [24]. Other factors in the rehabilitation of bone
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fractures are proper surgery, minimal dissection, protection of soft tissue and bone in the area,
anatomical or indirect reduction, adequate stabilization, selection of appropriate materials and
applications, and appropriate postoperative care [25]. Bone implants can be natural or synthetic
materials that have the purpose of bone reconstruction or as other implant protections [26]. Bone
consists mostly of hydroxyapatite (HA) with the chemical formula (Cal0(PO4)6(OH)2) is 69% of
the composition of bone, tooth enamel, and inorganic components in dentin [27]. HA is a
hydroxylated calcium phosphate salt with a high degree of hardness, and the main component has a
similar chemical composition to inorganic substances in bones and teeth [28]. HA has biological
properties such as excellent biocompatibility and is osteoconductive. Due to its bioactivity and
resorption properties, HA allows direct bonding to bone tissue [29]. From the ulnar bone simulation
design with hydroxyapatite material, the obtained results show its biomechanical conditions that can
be adapted to the properties of the ulna bone.

Table 3. Mechanical Properties of Ulna Bone [22]

Test Type Mechanical Property Mean (£SD) Ulna Bone

Bending Test Bending Strength (MPa) 135.16 (30.43)
Bending Modulus (GPa) 4.49 (1.14)
Bending Stiffness (kN/mm) 1.11 (0.06)

Compression  Maximum Compression 0.0 (2.28)

Test Force (kN)
Compressive Strength (MPa)  78.19 (1.16)
Elastic Modulus (GPa) 3.05 (1.03)
Compression 11.64(3.01)
Stiffness(kN/mm)

Fracture Fracture fracture force (kN) 0.05(0.17)

Toughness in notched samples under 3

Test point bending test

Fracture Toughness (MPa/m) 15.76(5.61)

One of many standards in finite element computation, particularly to find the VMS as the main
parameter, is when the VMS results should be less than the yield strength of the used material [19,30].
The maximum stress value generated in the design has a smaller value than the yield strength value
of the Ti6Al4V material. It reveals that the plate and screw design have good enough strength to be
not easily cracked when applied to the bone. That is also shown on the plate and screw combined
design, which has a VMS number of 6.28160 MPa while the minimum value is 0 MPa. It proves that
the ability to withstand the load on the plate and screw is very good because compared to the yield
strength value on Ti6Al4V, the combined plate and screws component has a much smaller value.
FEA installing a plate with six screws on the ulna bone model to see the strength of the ulna bone.
FEA computations present that the maximum value of von Mises stress induced in the simulation is
761.07 MPa, and the minimum value generated is 0 MPa. The resulting value is then compared with
the yield strength value of the Ti6Al4V to see if the ulna bone can accept the load or total force
applied by the plate and screw without changing. The maximum stress value generated in this design
has a value that is smaller than the yield strength of Ti6Al4V materials. It validates that the ulna bone
can withstand the load or the total force provided by the plate and screw and does not experience
cracks caused by the load.

Several close studies complete the analysis of this work. A complex examination of treatment in
the forearm fractures has been done using FEA and comparative clinical assessment on the patient’s
hand 3D model. A volume computed tomography (CT) data was acquired to build the forearm models
and apply 400MPa in several areas on the forearms. The result shows that both biomechanical analysis
and clinical study still have advantages of the casting technology in the velcro straps as the patient-
specific fixing devices. In another work, a 3D-CT data of a ten-year-old boy suffered from an occult
fracture to the elbow after minor trauma. A humerus model was then refined to design a patient-
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specific of fixation system within K-wires. The finite element was utilized to analyze the stiffness on
all K wire models. A previous finite element study of locking plate for treatment of ulnar head fracture
using Ti6Al4V material selections. It has been conducted using a real 3D ulnar model based on CT
data patient, investigated using two types of load [31]-[33]. The fixation system can be different and
special depending on the fracture case.

This work simulates the FEA for the published and recommended dimension for ulnar bone
fracture, particularly the transverse diaphyseal fracture. The only weakness of this study is not using
the real model of ulnar bone from a patient data. So far, we have succeeded in conducting five
simulations to understand the phenomena on each component and when the implants are applied. The
implication of this study is expected to contribute to the new standard of how the FEA conducted in
bone-plate simulation, in which the computational study should apply not only for the proposed
implant, but also for the applied bone. In the forthcoming development, to accomplish and improve
the result to have more precise number and close to the real condition, the experiments can be
continued to form the bone based on the CT data patient and perform the bone material simulation in
the original bone geometry. In addition, clinical trials will enhance product development in physical
functions.

Summary

Finite element analysis on the ulnar bone, the ulnar bone plate, the matched screws, the set of plate
and screws, and the set of ulna bone installed with plate and screw has purposed to accelerate the
rehabilitation process of radius ulnar fracture, particularly in the transverse diaphyseal fracture in ulna
bone. The experiment was given a load of 466N as ultimate flexural load in the ulna, produce the
maximum pressure in von Misses stress format of 5.01855 MPa, 0.00918 MPa, 193,304 MPa,
6.28160 MPa, 761.07 MPa. The von Misses stress maximum number in the ulnar bone is smaller than
the compressive strength of the ulna bone. Therefore, it proves that the bone is capable of accepting
the given load. Furthermore, the von Misses stress maximum number in the Ti6Al4V components
has smaller numbers than the yield strength of the Ti6Al4V properties and indicated that it could
withstand the full load of the ulnar bone. In future work, the simulation of 3D bone based on patient
data will improve the outcomes.
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