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ABSTRACT

Bone fracture is the most common orthopedics problem. To achieve stability in
the internal fixation of bone fragments, apply a Locking Compression Plate
(LCP), which consists of a set of plates and screws. Common materials used
for the bone fixation plate are stainless steel, titanium, and other metal alloys.
Those materials are stiffer than cortical bone, causing a stress shielding effect.
The stress shielding phenomenon takes place during bone remodelling, which
affects the growth of bone and bone loss upon the healing process. The purpose
of this study is to design the best LCP to minimize or eliminate the stress
shielding issue for tibia shaft fracture. A reverse engineering process is used
to obtain the solid part using 3D scanning, and data clean-up is done in CATIA
V5, which is then used to be imported into the finite element software ANSYS
23R2. The fracture simulation is on transverse type fractures with the creation
of a gap of 1 mm around the mid-tibial shaft region. Several boundary
conditions will be parametrized, such as material properties, contact
definitions, meshing, and loading conditions in preprocessing. This paper
examines and simulates the behaviour of LCP under a load via finite element
analysis (FEA). Design 2 was selected due to its superior stress distribution,
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resulting in the LCP bearing only 177.98 MPa with a total deformation of 0.57
mm.

Keywords: Stress Shielding;, Locking Compression Plate (LCP); Finite
Element Analysis (FEA)

Introduction

Fractures of the long bone constitute one of the most prevalent injuries
experienced by individuals during traumatic events, encompassing incidents
ranging from sports-related injuries and vehicular accidents to falls [1]. Most
of the time, the long bones affected by immense trauma are the tibial, humerus,
ulna, and radius. The human skeleton consists of two primary types of bones:
compact (cortical) bone which is characterized by density and hardness and
also spongy (cancellous) bone, which is porous and lighter [2]. Bones undergo
three consecutive phases like resorption, reversal, and formation [3].

Primary and secondary fracture healing are the two patterns of fracture
healing [4]-[5]. Even though it rarely happens, primary healing terms directly
refer to the cortex's effort to rebuild the bone itself after an interruption causing
some displacements. Primary healing can only take place when the fracture
fragments are anatomically reduced or achieve stability through rigid internal
fixation, which affects interfragmentary strain to a micrometric level [6].
Whereas the most common fractures are healed by secondary healing, which
entails adaptations in the periosteum and external soft tissues followed by the
formation of a callus that will restore the fracture site to healing. Secondary
healing is characterized by several distinct phases involving hematoma
formation, callus buildup, callus hardening, and bone remodelling [7]. This
healing process either takes months or even years, as the bone remodelling is
crucial to developing fully functional bone.

In the case of bone fixation, especially for long bones, some alternative
devices that have been developed to treat are plates, intermedullary rods, and
external fixation [8]. Most of the time, the plate and screw method is usually
used due to its mechanism, which minimizes the damage to the medullary canal
like the use of intermedullary rods [9]-[10]. This could provide even faster
recovery as the stem cells and the bone marrow damage are reduced. Even
though the plate method takes less damage, some of the drawbacks that should
be considered are the reduction of blood supply and the constrictions of callus
formation since plates use the direct compression method to the bone, or so-
called dynamic compression plate (DCP) [11]-[12]. Therefore, as an
evolutionary step, the locking mechanism is introduced through LCP, which
keeps a distance between bone and plates and induces a greater healing
mechanism through effective callus formation [13]. Additionally, the plate can
be angle adjusted to the bone, resulting in a bone that is near its original state.
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Many researchers have explored ways to enhance the LCP, including
the design and material applied [14]-[16]. This is seen when various plates
have holes and forms that vary. Some plates are flat, while others have certain
curvatures to fit the surface of the bone. Absolute stability is required for
achieving primary healing experimentally, and less stability is required to
achieve secondary healing. However, excessive interfragmentary instability
will impede cartilage replacement, diminish angiogenesis, and prevent bone
from bridging the fracture gap [17]. The current material options available
include titanium alloys, stainless steel, and cobalt-chromium alloys, which are
high-strength materials, which is the dominant cause of the stress shielding
effect [8]. This effect prevents the generation and development of healed bone
at the fracture site and may cause some severe osteoporosis and bone re-
fracturing problems during the healing period [18]. The gap value of Young’s
modulus between the materials and the bone is huge. One of the primary causes
of the stress shielding phenomenon, which is characterized by a lack of
mechanical stimulation of the bone through an imbalance in load distribution
throughout the bone plate build, is this significant disparity [19].

Stainless steel and titanium are commonly used materials for internal
fixation due to their high Young's modulus [20]. However, after implantation,
stress and strain can have negative effects on bone density, weakening the bone
when subjected to loads. Unlike typical mechanical loading, the bone tissue
experiences stress shielding, disrupting the distribution of load across the bone
and disturbing bone remodelling [21]. This can lead to loosening of the implant
and potential bone loss. To address this, reducing the rigidity of the fixation
plate can promote more balanced load sharing between the plate and the bone
while maintaining good primary fixation.

The objective of the study is to design an optimal LCP that offers both
flexibility and strength via comparison of the results of FEA through the
identification of Von Mises stress and total deformation of design.

Methodology

Several designs were made based on a literature review to find the best plate
with optimal stiffness and strength. Due to the limitation of the study, a simple
3.5 mm type narrow plate had been obtained from the Hospital of UiTM,
Sungai Buloh. Using this sample, the location of the hole can be mismatched
with the catalog information through benchmarking Synthes 4.5 mm / 5 mm
Narrow LCP with eight holes [22] with a referral catalog code of 224.581.
CAD models with 8 holes were generated using CATIA V5R21 and later to
.stp format, and data cleanup was done. The procedure was repeated for
locking the head screw with referral model 213.336.
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Preliminary model
Some design specifications of benchmark LCP, locking screw 5 mm, and tibia

bone are gathered in Table 1.

Table 1: Modelling parameters of benchmark LCP, locking screw and tibia

bone
Properties Dimension
LCP
Length 152 mm
Width 13.5 mm
Height 4.2 mm
Counter sunk hole (dynamic + locking) 8*(5 mm with height 2.5 mm + 6

mm with height 2.1 mm)
Locking screw S mm

Shaft length 35 mm
Shaft diameter 5 mm
Thread pitch 1 mm
Screw head height 2.5 mm
Screw head diameter 7 mm
Tibia bone
Length 351 mm

The generation of the new design was inspired by the benchmark to
develop several designs of LCP and be compared in the morphological chart.
In terms of the screw, 5 mm-diameter locking screws are created based on the
product produced by the company Depuy Synthes, which fits relatively to the
locking plate. Besides that, for a particular early stage of testing, a local CAD
repository bone will be used and collected from GrabCAD and converted to
.igs format. This allows for imitation of the study, which will be assembled
purely in the Ansys Design modeler.

Design concept

The development of new designs will draw inspiration from established
benchmarks, leading to the creation of several variations of LCP. These designs
will be systematically compared and evaluated using a morphological chart as
per Table 2 to determine the most effective configurations.

Specifically, the screw dimensions have been set at 5 mm for the
locking screws, modelled based on the products produced by DePuy Synthes.
This ensures a compatible fit with the locking plate, adhering to high standards
of design and functionality. For the initial phase of testing, a local CAD
repository bone model was sourced from GrabCAD. This model will be
converted to .igs format to facilitate its integration and manipulation within the
Ansys Design Modeler environment. The use of this local CAD repository
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bone model will allow for an accurate imitation of real-world conditions,
enabling comprehensive assembly and testing purely within the Ansys Design
Modeler.

Table 2: Morphological chart of designs

Benchmark Design 1 Design 2 Design 3
N 222@000OO§ |

S ®6 -0 060 ®

Volume (m?) 4.374E-06 4. 878E 06 4.414E-06 4. 705E 06

In the design featuring holes, all variations share identical information
where each hole is precisely spaced 18.5 mm apart. Notably, in the side view,
design 2 and design 3 exhibit slightly narrower 19 mm grooves encircling the
middle section of the LCP, deviating from the consistent 20 mm grooves
present in design 1 and the benchmark model. Moreover, design 1 stands out
with a uniquely flat front surface, contrasting with the other designs that exhibit
more uniform curvature characteristics. Additionally, a significant redesign is
evident in design 3's undersurface profile, featuring a gutter-like surface that
extends along the length of the LCP while the side of the LCP was thickened
by 1 mm. This redesign incorporates a 1.25 mm fillet to mitigate sharp edges,
enhancing both the aesthetic and functional aspects of the design.

Utilization of FEA for LCP fixation to tibial bone
Using ANSYS 23R2, various geometrical manipulations were performed to
create a | mm fracture gap in a tibial diaphysis model. In a previous study, the
tibial diaphysis was bisected to introduce a 1 mm gap, allowing for the
simulation of callus bridging. This setup aimed to predict the behaviour
response towards LCP under axial load at the tibia head.

During the creation of this gap, specific tools within the Design Modeler
were employed, including the plane move and boolean functions as per Figure
1. These tools facilitated precise adjustments to the geometry, ensuring an
accurate representation of the fracture. Additionally, for simplification
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purposes, both ends of the tibia were horizontally cut. This modification
ensured that force could be evenly applied through the tibial head while
maintaining a static, fixed position at the other end. As a result of these
manipulations, four distinct body segments were created, comprising both
cancellous and cortical bone, each separated by a | mm transverse fracture gap.
This setup was essential for the subsequent analysis of the mechanical and
biological responses during the bone healing process under the applied
compression load.

Ansys

2023R2

o =s' O

Figure 1: 1 mm gap bridging on tibial bone

Upon completing the gap bridging process, the LCP and the 5 mm
locking head screws were imported from the CATIA V5 format into Ansys
SpaceClaim as per Figure 2. Despite the complexity involved in placing the
LCP and the 4 locking screws accurately, the manipulation process was
meticulously handled. Placement of LCP is conducted at the anteromedial part
of the tibia due to the fact that it reduces the damage of musculoskeletal tissue
upon bending of the tibia which leads to the discomfort of the patient. Apart
from that, a careful approach was crucial to ensure the homogeneous
placement of the components in order to have a good comparison result. The
integration of the LCP and screws required precise alignment to maintain the
structural integrity and functionality of the fracture fixation. After that, some
boundary conditions were applied in Figure 2, where the area of force applied
to the tibia head was split into two regions, with one (A) pressing the left part
of the bone and the other (C) pressing the right side of the tibia head. Fixed
support was also introduced at the other end of the tibia bone to simulate the
normal force on the ground.

Moving on to the preprocessing phase, it was crucial to establish
boundary conditions and contact points to accurately simulate the tibial bone
bending under a compression load applied at the tibial head. Key parameters
included material properties, for which an elastic isotropic definition was
applied in Ansys. Table 3 details the specific engineering parameters used, such
as Young's modulus and Poisson's ratio, to ensure accurate material behaviour
under stress.
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Figure 2: Full assembly LCP fixation device and tibial bone with boundary
condition applied

Table 3: Materials properties

Materials Young’s modulus (Pa) Poisson’s ratio
Cortical bone [16] 1.62E+10 0.3
Cancellous bone [23] 2.1E+9 0.3
Stainless steel 316L [24] 1.95E+11 0.25

Boundary conditions were set by fixing one end of the tibia as a static
reference point and applying a uniform compression load at the tibial head.
Contact points between the bone segments, the LCP, and the screws were
defined to accurately replicate load transfer and interactions. This careful
preprocessing ensured reliable simulation results for the tibial bone's response
under compression.

Results and Discussion

Von Mises stress

Finishing up the analysis from the previous FEA model based on several
designs, several aspects were looked through, such as the Von Mises stress and
the total deformation.

Figure 3 presents a contour plot illustrating the stress distribution of
various LCP designs under axial compression. Each design's performance was
evaluated by subjecting the tibial head to a load of 350 N that was split into a
60% and 40% region as referenced in [16]. The results indicate that Design 2
exhibited the lowest stress value, recording a stress of 177.98 MPa. This value
corresponds to approximately 23.86% difference in the stress observed in the
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benchmark model under identical loading conditions, which offer wider stress
distributions.

Figure 3: Contour plot Von Mises stress (MPa)

From Table 4, a significantly higher stress percentage value in Design 2
suggests an improved stress distribution compared to the benchmark model,
even though it slightly possesses a higher volume, and vice versa with what
happens in Design 1, as referred to in Table 5. Despite all models being
subjected to the same 350 N axial load, Design 2 demonstrated superior
performance in mitigating stress concentrations. These findings highlight the
efficacy of Design 2 in enhancing load distribution across the tibial shaft,
thereby potentially reducing the risk of mechanical failure or stress-related
complications. Consequently, it can be inferred that Design 2 offers a more
optimized structural configuration for stress management in orthopedic
applications.

Table 4: Mechanical properties of each model

Maximum Von Percentage difference of

Model Misses stress Von Mises stress with Factor of safety
(MPa) benchmark model (%)

Benchmark 233.74 0 1.24
Design 1 197.74 15.40 (decrease) 1.47
Design 2 177.98 23.86 (decrease) 1.63
Design 3 196.08 16.11 (decrease) 1.48
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Displacement (mm)

Numerous researchers have employed displacement or so-called deformation
metrics to evaluate and demonstrate the stability of various systems or
constructs, as evidenced by studies [25]-[27]. Displacement measurements
serve as a critical parameter in assessing the mechanical stability and
performance of orthopedic implants and bone-plate systems.

Figure 4: Contour plot total deformation (mm)

Total deformation in the context of LCPs refers to the movement or
displacement of the plate under load, which indirectly affects the strain at the
fracture site. While specific values for total deformation vary depending on the
bone, fracture type, and LCP design, studies suggest that controlled
micromotion in the range of 50 - 600 um can promote callus formation [28].
The contour plot in Table 5 reveals the deviation from the benchmark value is
within the range of suggested micromotions. This indicates that the observed
variations are minimal and do not significantly diverge from the established
benchmark.

Table 5: Total deformation indicator for stability of LCP

Total deformation

Model - .
millimetre, mm micrometre, pm

Benchmark 0.6677 667

Design 1 0.6586 659

Design 2 0.6193 619

Design 3 0.57294 573

265



Muhammad Naufal Nazeri et al.

Design selection model

In selecting the optimal design, each criterion was rigorously analysed, as
detailed in Table 6, to ensure a comprehensive evaluation from an engineering
standpoint. The maximum stress value, which represents the highest stress
concentration within the structure, was observed to occur at the Locking
Compression Plate (LCP). Upon visual analysis, as illustrated in Figure 4, it
was confirmed that Design 2 offers a score of 4, making it the lowest maximum
stress. This was due to having the most efficient stress distribution compared
to other configurations, making it the most effective shape for bearing loads.
This efficient distribution is crucial for preventing localized failures and
enhancing the overall durability and performance of the LCP.

Table 6: Decision matrix of design

Bench- Rank/ Design Rank/ Design Rank/ Design Rank/

Criterion mark Score 1 Score 2 Score 3 Score
Maximum Highest/ High/ Lowest/ Low/
stress (MPa) 233.74 1 197.74 5 177.98 4 196.08 3

) Lowest/ 4.88E- Highest/ 4.41E- Low/ 4.71E- High/
Volume (m*) 4.37E-06 4 06 1 06 3 06 5
Shape . .
deformation  0.67 H‘g}l‘e“/ 0.66 ng}f“t/ 0.62 L°3W/ 0.57 LOZCSV
(mm)
Factor of 124 Lowest/ 147 High/ 1.63 Highest/ 1.48 High/
safety 1 2 4 3
Total 7 7 14 12

*Maximum stress (the lower the better), Volume (the lower the lighter), Shape deformation (the
higher the lower), Factor of safety (the higher the better).

The volume criterion is an indicator of material usage that is most
efficient in the benchmark, suggesting the lowest material and cost
implications are small compared to the others. This is prior to the patient's
comfort and manufacturing ability in future works. Based on the factor of
safety in Equation (1), measuring the design's resilience to unexpected loads
[29] using stainless steel 316L yield strength and maximum design stress
values is crucial in determining the risk of failure for LCP. After some
calculations, Design 2 is nominated as the safest and most robust option as it
has the highest ratio value.

Fs=2 ()

In shape deformation, where a lower score indicates the least
deformation under stress, is most favourable in Design 3. It is important to also
take into consideration LCP deformation under stress, as it is an indicative
measure of the stability of a structure that leads to its structural integrity. The
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total score, reflecting an aggregate of these critical factors, places Design 2 at
the highest (14.00), demonstrating its overall superior performance in stress
distribution and safety, despite its second in place for volume and deformation
scores. Thus, Design 2 emerges as the most advantageous choice, offering a
balanced solution that meets stringent engineering requirements for
performance, safety, and structural integrity, albeit with careful consideration
of its higher material usage and deformation under load.

Conclusion

This study successfully identified the optimal LCP design by manipulating the
topology and geometry of commercially available bone plates. Using CATIA
V5R21, CAD models of the commercial plate from Synthes, along with several
models from previous studies, were developed. Each of the designs was
thoroughly analysed in Ansys 23R2, and the result is that Design 2 emerged as
the most promising configuration. Future research could explore the
implementation of composite materials with Design 2 to further enhance its
performance and potential clinical applications.
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