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HIGHLIGHTS

ABSTRACT

e A novel curved biodegradable ZK60 locking
plate was designed for femoral fracture
fixation.

o Finite element analysis showed that 6 mm
plates had 10% higher axial stiffness than 4
mm plates.

e Plate bending angles of 15°-20° improved
load distribution and reduced  stress
concentrations.

e The combined effects of thickness and
curvature produced optimal biomechanical
implant stability.
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This study evaluates the biomechanical performance of a novel curved
biodegradable ZK60 magnesium alloy locking plate for plate osteosynthesis in
midshaft femoral fractures classified as AO/ASIF 32-A3 (Arbeitsgemeinschaft fiir
Osteosynthesefragen/Association for the Study of Internal Fixation). Current
metallic implants are associated with complications such as stress shielding, the
need for secondary surgery, and limited support for biological healing.
Biodegradable options offer promising solutions but remain insufficiently studied,
especially regarding curved plate designs. This work addresses that gap by
systematically assessing how plate thickness and curvature influence fracture
stability. Finite element analysis (FEA) was performed under physiological
loading of 700 N simulating a single-leg stance. Ten configurations were modeled,
combining two thicknesses (4 and 6 mm) with five bending angles (0, 5, 10, 15,
and 20°). A 5 mm fracture gap was simulated, and all constructs were fixed with
bicortical locking screws. Axial stiffness and total deformation were calculated
and compared with those of an intact femur. Results indicated that both increased
plate thickness and curvature enhanced construct performance. The 6 mm plate
bent at 20° showed the highest stiffness (2328.9 N/mm) and lowest deformation
(0.3007 mm), representing a 6.6% increase in stiffness and 5.8% reduction in
deformation compared with the flat counterpart. Similar trends were observed for
the 4 mm plate. The evaluated designs achieved 23.8-25.4% of intact femur
stiffness, aligning with the biomechanical window that promotes callus formation
through controlled micromotion. Curved configurations also improved load
transfer and screw alignment. Among the tested designs, the 6 mm plate bent at
15°-20° demonstrates the most favorable biomechanical characteristics for
potential clinical translation.

1. Introduction

Fractured lower leg, especially the mid-shaft fractures, is one of the most common injuries occurring in traumatic events
involving motor vehicles [1]. Most fractures that have narrow medullary canals are usually fixed using orthopaedic plates [2].
Strength in internal fixation devices is often undermined because of some design features that fail to match the mechanical
demands that occur during bone healing [3-5]. Bone healing occurs because of interfragmentary movement (IFM) that exists
between 1 and 3 mm, and this motion influences both bone healing processes and mechanisms [6,7]. It is reported that the fracture
fixations' stiffness stands as a primary determinant factor of interfragmentary motion [8,9] while 0.2-1 mm perpendicular
micromovement helps speed up secondary healing through callus development [10]. Though the empirical studies are vast, the
balance between rigid and flexible plate structures is still disputed [11].
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The locked plating systems have several biomechanical benefits, including their use in the treatment of osteoporotic fractures
or cases of poor reduction, which explains their popularity in present-day orthopedic surgery [12,13]. Orthopaedic implantation
systems designed to enhance bone repair after fracture offer two main advantages: higher biological support, which facilitates
fracture healing, and improved fixation mechanics [14]. The remedies of locking plate technology include locked plating along
with minimally invasive plating techniques and stable construct achievement without necessitating plate-bone interface friction
[15-17]. The contrasted screw-plate structures produce a single-beam-like response in terms of the predetermined orientations
of screws, with plates altering the transmission of loads compared to traditional plates [18-20]. Locking plates distribute
mechanical loading mainly by compression at the bone-screw interface, in contrast with fixing in traditional constructions that
distribute load mainly by friction at the plate-bone interface, thus offering better results in areas of low bone density [21,22].

Because of their beneficial degradation and biocompatibility properties, biodegradable materials, in particular alloys
consisting of magnesium, have been suggested as replacements to conventional materials [23]. According to Singh et al. [24],
magnesium alloy osteosynthesis plates experience a constant mechanical strength reduction, which leads to a weakness level
approximately 65% below that of titanium plates. The discovery highlights important obstacles affecting the mechanical
reliability of magnesium-based implants, as it is vital for their successful use in bone fixation.

Nonetheless, Zhang et al. [25], identified magnesium as an attractive material for biodegradable implant development
according to their study. Magnesium alloys showed superior properties to conventional materials because they have mechanical
responses similar to bone tissue, thus reducing stress shielding and potential implant removal surgeries. Also, Jayasathyakawin
et al. [26], in their new article revealed the chemical degradability of the Mg-based materials as well as suggested them as a
replacement for commonly used materials. A complete review of the lifecycle of magnesium-based implants was completed by
Luo et al. [27], proving their clinical feasibility in the field of bone healing. A systematic review conducted by Lu et al. [28],
supported the effectiveness of magnesium in comparison to titanium further and suggested high-quality clinical trials. Wang et
al. [29], also provided the argument for the antibacterial properties of the Mg, Fe, and Zn alloys, along with their twofold infection
prevention and mechanical assistance features. At the same time, Zhang et al. [30], discussed carbon-fiber-reinforced PEEK as
an alternative with minimized effects of stress shielding but sufficient mechanical performance. Together, these experiments
give credence to the developing evidence that suggests the beneficial position of biodegradable materials, especially Mg-based
alloys, as potential options to replace conventional implants. The biomechanical analysis by Hu et al. [31], demonstrated that
biodegradable materials serve to stimulate bone remodeling under load conditions. A combined design strategy that integrates
biodegradable and traditional materials has received support from researchers based on their findings regarding initial strength
and fatigue resistance properties in biodegradable implant development.

Research conducted by Al-Tamimi et al. [32], applied topology optimization techniques to bone fixation plate development.
The researchers demonstrated that optimized implants utilize more effective bone loading mechanics for enhanced fracture site
stability. The research confirmed that maintaining proper stiffness with reduced stress shielding effects could be achieved through
the combination of sufficient plate stiffness and selective laser melting (SLM) and electron beam melting (EBM) manufacturing
techniques. Al-Tamimi [33], published in 2021 to extend research about three-dimensional topology optimization of Locking
Compression Plates (LCPs). The research objective was to reduce stress-shielding effects and achieve effective bone restoration
function. Elastic modulus matching existed between the optimized topology designs and natural bone tissue, demonstrating
important improvements in designing internal fixations.

Recent work has evaluated biodegradable materials, especially magnesium alloys, for orthopedic fixation. These studies
report acceptable biocompatibility and bone-like mechanics, which may reduce stress shielding, while also highlighting open
issues such as degradation rates, corrosion behavior, and long-term strength. Advances in design and manufacturing, including
topology optimization and additive manufacturing, aim to tailor stiffness and geometry for fracture fixation [23-33].

Taken together, prior literature shows that implant performance depends on material properties, plate geometry, and screw
configuration. Effective designs must balance construct stiffness for stability with enough flexibility to allow controlled
micromotion that supports secondary healing. However, the biomechanical performance of curved biodegradable locking plates,
particularly those based on magnesium alloys, has not been systematically investigated. This gap limits understanding of whether
such designs can provide adequate fixation while avoiding stress shielding and promoting bone healing.

The objective of this study is to evaluate the biomechanical effects of plate thickness and curvature in a curved ZK60 locking
plate for AO/OTA 32-A3 femoral shaft fractures using finite element analysis. Axial stiffness and total deformation were
assessed relative to an intact femur under physiological loading. By focusing on these key design variables, the study aims to
generate evidence that can inform the future development of biodegradable fixation plates.

2. Methods and materials

2.1 General strategy

Finite element analysis (FEA) was used to assess the mechanical performance of biodegradable ZK60 locking plates for
mid-shaft femoral fractures. FEA enables simulation of structural behavior under specific loading and boundary conditions,
reducing the need for physical prototyping [34,35]. Models replicated femoral geometry, material properties, and single-leg-
stance boundary conditions. An intact femur served as the reference. Ten plate configurations combined two thicknesses (4 and
6 mm) with five bending angles (0°, 5°, 10°, 15°, 20°). All constructs used biodegradable bicortical locking screws. Outcomes
were axial stiffness and total deformation. The bending conditions for both thicknesses are summarized in Table 1.
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A vertical axial load of 700 N was applied at the femoral head with the distal femur fully constrained to represent a static
single-leg stance. The 700 N value approximates one body weight for a 70 kg adult and is widely adopted in femoral
biomechanics and FEA studies of fracture fixation [36-38].

To reflect different clinical philosophies, flat plates (0°) were considered higher-stiffness constructs for immediate post-
operative stability. In contrast, bent plates (5°-20°) represented lower-stiffness constructs that promote controlled
interfragmentary motion during secondary healing [7,8,10]. This framing allows for the evaluation of stiffness—flexibility trade-
offs without implying optimization.

Table 1: Plate bending conditions used for both thicknesses (4 and 6 mm)

Model Bending Angle (©) Structural State

1 0 Flat

2 5 Bent

3 10 Bent

4 15 Bent

5 20 Bent

Intact — Unfractured (Control)

2.2 Computational analysis

2.2.1 Clinical models analyzed

The control model consisted of an intact femur displaying a 16 mm diameter hollow intramedullary canal as well as a total
length of 470 mm. The femur specimens underwent modifications between Models 1 and 5 through the creation of a 5 mm
midshaft defect, which was positioned at 235 mm above the lower end. Designed the midshaft defect to mimic the 32-A3
transverse fracture, which represents a widespread diaphyseal fracture based on the AO Foundation classification. The transverse
fracture pattern of two femur segments develops at the midshaft region of the bone, showing a fracture angle lower than 30
degrees [36,39-41]. The 5 mm gap was selected to simulate a critical defect condition commonly adopted in biomechanical and
computational studies [40], even though it does not represent the ideal fixation scenario for an AO/ASIF 32-A3 fracture. This
approach allows for conservative testing of plate stability.

A biodegradable ZK60 magnesium alloy locking plate measured 192 mm in length with 9 holes and existed in two
thicknesses of 4 mm and 6 mm. These thicknesses were selected based on a combination of biomechanical and clinical
considerations: 4 mm provides standard mechanical stability for diaphyseal fractures. In comparison, 6 mm offers additional
support in higher-load scenarios without exceeding typical clinical ranges, thus ensuring sufficient stability and biological
healing [refer to Section 2.2.2.2]. The selection of nine holes was made following AO/OTA guidelines, which recommend a
minimum of three bicortical screws per main fragment for stable fixation [41,42]. The hole configuration also adheres to the
principle of maintaining an appropriate working length to avoid stress concentration, especially over the fracture site, ensuring
better load distribution and promoting biological healing through micromotion control. The fixation involved using eight
bicortical locking screws with 5 mm diameter and 50 mm length from the same manufacturer (AO surgical principles were used
to position the screws, four in each main fragment, and the central hole remained empty to decrease stress concentration and
promote biologic healing conditions). The production of plates and screws involved the same ZK60 magnesium alloy to maintain
material uniformity [37]. The computational model allowed a detailed assessment of the mechanical performance of the plate-
screw system for securing 32-A3 transverse fracture patients under authentic clinical scenarios. The analysis relied entirely on
finite element modeling (FEM), simulating the mechanical behavior of the construct under applied loads.

2.2.2 CAD Models

2.2.2.1 CAD Model of an artificial femur

This research made use of an artificial femur CAD model obtained from Sawbones (Vashon, WA, USA) (Figure 1). Its
development protocol has been validated in prior studies [36,39,43]. The radiological scans of the artificial femur were performed
end-to-end at 0.5 mm spacing. The CT scans were transferred to Mimics Medical Imaging Software (The Materialise Group,
Leuven, Belgium) to generate a three-dimensional model based on DICOM format. The exported 3D model moved from Mimics
Medical Imaging Software (The Materialise Group, Leuven, Belgium) to the SolidWorks CAD program (SolidWorks Corp.,
Dassault Systémes, Concord, MA, USA) for enhanced model development [36-40,42-44].

The CAD model properly simulated the complete structure and materials of cortical and cancellous bone components. The
initial design of the model did not include an intramedullary canal until the "cut" operation in SolidWorks was performed, which
added this feature. A 5 mm bone gap was incorporated at the midshaft of the femur through the "cut" SolidWorks operation in
Models 1 to 5. Research data indicate that the femur model possesses geometry characteristics identical to those in previous
study designs [37,42,43]. The femur received tetrahedral elements of uniform shape and dimensions for its meshing process.

SolidWorks 2024 CAD program from SolidWorks Corp. (Dassault Systémes), based in Concord, MA, USA, generated the
models for the metal plate and screws. The experimental measurements obtained with precision Vernier calipers served as the
foundation for creating these models, as reported in previous research papers [37,42,43]. The SolidWorks application saved CAD
data in the Parasolid file format (IGS) to enable seamless interoperation with ANSYS software analysis.
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Figure 1: CAD model of an artificial femur

2.2.2.2 Geometrical model of a bone plate

The baseline geometrical dimensions of the plate (length, width, thickness, and number of holes) are detailed in Section
2.2.1. This subsection addresses only the bending modifications, comparing the flat plate (0°) with curved plates bent at 5°, 10°,
15°, and 20°, as illustrated in Model 1 (Table 1) and Figures 2a and 3a. The flat plate design undergoes bending in the center at
four different angles starting from 5° up to 20° (Models 2 through 5 in sequence) as represented in Table land Figures 2b and
3(b-e) to establish the most suitable design configuration. The test sample comprises bent plates that are compared against an
equivalent flat bone plate with similar dimensions.

The selection of the bending angle range 0°-20° was based on clinical practice and anatomical constraints. A flat plate (0°)
represents the conventional starting point in bone fixation, while the bending angle is gradually increased up to 20° to simulate
realistic, moderate curvature for better anatomical conformity. This range aligns with typical orthopedic practice, where moderate
bending is used to improve plate fitting and load distribution across the fracture site, ensuring biological healing conditions [37]
[43]. Higher bending angles (greater than 20°) were avoided, as they could introduce unnecessary rigidity, which would limit
micromotion and negatively impact fracture healing [45]. FEA software accepts designed files exported from the analysis
software in formats including ANSYS Workbench for further evaluation [34,45].

2.2.2.3 Traditional flat plate

The standard flat design of a bone plate has a dense, linear design and a circular contouring that are meant to maximise
patient comfort as well as the efficiency of the fixation. Here are the findings displayed in Tables 1 and 2 and Figures 2a and 3a
from Model 1. The CAD model of the traditional flat plate maintains a 192 mm length with a 30 mm width and two thicknesses
of 4 mm and 6 mm. The plate design contains nine strategically placed holes intended specifically for screw fixation, which
works as the main stability method. The plate has established screw openings that support locking cortical screws measuring
about 5 mm in diameter, which represents an industry standard for long bones within the femur.

The plate provides multiple screw holes, but surgeons need not install all these holes at once. The mechanical stability of
bones, especially in the femur area, becomes compromised by extended drilling activities, preventing the implementation of
screw stabilization in these load-bearing areas. Multiple screw holes on the implant enable surgical choice of ideal holes for
stable fixation solutions, which prevent unneeded bone destruction. The top surface of the bone plate incorporates rounded edges
through a filleted design to reduce potential soft tissue injuries to patients. Traditional flat plates demonstrate limitations as femur
bone support systems because they lack the required strength in severe bone fracture cases, so researchers continue to design
better plate alternatives [34].

2.2.2.4 Developed design (Bent)

Flat bone plates have traditionally been manufactured in small dimensions with flat contours. The bone plate dimensions
have been expanded to reach larger spans of the target bone tissue during this development. The long bone-specific design of
this plate provides limited support to the bone when its edges detach from the bone surface because it was created for femur
applications only. Because the flat plate installs onto a cylindrical-shaped long bone, it creates this problem.

Medical practitioners increasingly design implants specifically for individual patients in current medical practices. Bent
implant development became necessary since it supports more accurate bone-shape adaptation, specifically for long bones,
including the femur. The 3D CAD visual in Figure 2b shows the newly produced bent bone plate, and Figure 3 displays its
defined bending angle from b to e. Bent bone plates feature central curvature, which follows bone surfaces naturally to achieve
better alignment than flat plates. Researchers believe the curved shape both stabilizes bone fragments excellently while providing
greater comfort to patients. The bent plate shows potential to shorten recovery times and enhance clinical outcomes for orthopedic
applications, which makes it an effective choice for orthopedic applications [45].
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Figure 2: Showing an isometric view of a locked bone plate: a) Traditional Flat Plate, and b) bent plate

(@ (b) (© (@ (e

Figure 3: shows a side view of the bone plate according to the model

2.2.2.5 Locking cortical bone screw

A custom-designed locking cortical bone screw was developed from ZK60 magnesium alloy, aiming to combine
biodegradability with high mechanical strength for orthopedic applications. The screw was designed in SolidWorks 2024 and
features a major thread diameter of 5 mm, a core diameter of 4 mm, and a thread pitch of 1.5 mm. The threading profile follows
a 30° buttress angle, optimized to maximize pull-out resistance, as illustrated in Figure 4 [26,27].

The head of the screw incorporates a 10° conical taper, reducing from 8 mm at the top to 5 mm at the base, ensuring tight
locking compatibility with bone plates [26]. The screw also features a hexalobe drive specifically designed for locking plate
systems. It includes a self-tapping fluted tip for easier insertion and offers an optional self-drilling version to enhance surgical
handling. The complete CAD geometry covering thread configuration, head shape, and insertion design was modeled with high
accuracy in SolidWorks [27,37].

In clinical scenarios, this locking screw performs well in weight-bearing applications such as femoral fracture fixation and
orthopedic stabilization. Its biodegradable nature eliminates the need for secondary removal surgery and reduces stress
shielding—thereby enhancing bone regeneration and long-term fixation outcomes [24,29,45].

Figure 4: Locking cortical bone screw

2.2.3 Assembly of components

The SolidWorks software was used to build the femur-plate-screw construct by combining individual part models in Figure
5. This model was transferred to ANSYS Workbench R24, where FEA took place while adhering to AO surgical approaches by
distributing eight bicortical screws (Smm diameter, S0mm length) symmetrically, except leaving the screw hole adjacent to the
Smm fracture gap empty for balancing mechanical strength with biological healing potential.

Contact interactions were simulated using CONTA174 surface-to-surface contact elements with three translational degrees
of freedom (X, y, z) interfacing with TARGE170 targets, with identical real constants assigned to both element types and all
interfaces modeled as fully bonded to represent rigid connections [43,46], creating a biomechanically optimized assembly that
balanced load transfer, minimized stress concentrations, maintained fixation strength, and preserved the fracture
microenvironment by AO Foundation guidelines.

2.2.4 Meshing and element quality

The analysis of the femur, plate, and screws mesh was conducted in ANSYS Workbench 2024. The femoral bone and the
locking plate were modeled using SOLID186 elements for the bone and SOLID45 for the plate, which are widely applied for
solid structural modeling in finite element analysis [34,35]. For the cortical bone, a tetrahedral mesh with 10-node quadratic
elements was adopted, consistent with previous femoral FEA studies [36,37]. To improve accuracy, mesh refinement was applied
in the fracture region to capture stress concentrations, while a coarser mesh was applied elsewhere to maintain computational
efficiency [42,46].
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A multi-layer strategy was applied to represent the plate and bone thickness. The cortical bone was modeled with two layers
across its thickness. In contrast, the cancellous bone was simplified as a homogeneous isotropic material, a practice often adopted
in large-scale femoral simulations to balance accuracy and computational cost [9,38,43]. This approach ensured that the model
preserved the essential mechanical behavior of bone under load while avoiding unnecessary computational complexity.

The final mesh evaluation yielded 529,564 to 1,025,371 nodes and 358,438 to 691,563 elements, depending on model
configuration [42,46]. The cortical bone region was discretized with the same 10-node quadratic tetrahedral elements used for
metallic components. Quadratic triangular contact elements were applied at the bone—metal interfaces. In contrast, quadratic
quadrilateral contact elements were assigned to the loading platen, ensuring accurate representation of interface behavior and
load transfer [34,35]. The overall meshing strategy produced high-quality elements, enabling precise geometric representation,
efficient convergence, and reliable finite element analysis results.

Mesh quality evaluation demonstrated a skewness value of 0.28017, indicating high-quality mesh elements with minimal
distortion, as shown in Figure 6. A refinement of the bone model was carried out to use 2.0 mm element sizes for improved
precision, especially in the region around the fracture gap. The mesh settings also incorporated a precise relevance center, high
smoothing, and a gradual transition, which enhanced both simulation accuracy and robustness. These adjustments allowed for
an efficient convergence of results during analysis, ensuring reliable predictions of mechanical behavior in the FEA model
[34,35]. The meshing strategy, which combines high precision in critical areas with computational efficiency, guarantees both
the accuracy of the geometry and the reliability of the results, as depicted in Figure 7 [42,46].

Geometry iocmetry

a0 100,00 (men) ‘)\‘ 000 10200 ¢mm) 2‘*.
-_— 2 X [ S x

s0.00 5000

Figure 5: Assembly of the bone plate of the finite element models
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Element Metrics
Figure 6: The average skewness values of the finite element models

2.2.5 Material assignments

Assigning material properties to human bone models presents a unique challenge due to the heterogeneous and anisotropic
nature of biological tissues. However, for this finite element study, the femur was modeled as an isotropic material, assuming
uniform properties in all directions. This approximation is commonly used in large-scale simulations focusing on the structural
behavior of the entire femur [9,36,38,43].

Material properties were assigned through the Engineering Data module in ANSYS Workbench. The femoral cortical bone
and the ZK60 magnesium alloy used for the plate and screws were defined according to validated mechanical parameters, as
shown in Table 2. Specifically, the femoral cortical bone was treated as an isotropic material with an elastic modulus of 16.7
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GPa and Poisson's ratio of 0.3, which is a standard approximation used in large-scale FEA for bone models. The ZK60
magnesium alloy for the plate and screws was assigned an elastic modulus of 44.8 GPa and Poisson's ratio of 0.35 [21].

This material assignment ensures an accurate stress-strain response for all components under the applied loading conditions.
The modeling of the femoral bone did not include plastic material properties, as the study focused on evaluating the elastic
behavior of the system under static loads. Since the maximum stresses observed in the finite element analysis were well below
the yield strength of the materials (ZK60 magnesium alloy has a yield strength of approximately 220 MPa), the materials
remained within their elastic limits, ensuring no plastic deformation occurred during the simulations.

The assumptions made for elastic behavior align with the static loading conditions modeled in this study, where the primary
goal was to assess the mechanical stability and deformation of the locking plate under physiological loading conditions.

Table 2: Material properties

Material Density (kg/m*) Young modulus (GPa) Poisson ratio
Cortical Bone [38] 1750 16.7 0.3
ZK60 magnesium alloy [21] 1830 44.8 0.35

2.2.6 FEA Boundary conditions

The boundary conditions applied in this study were based on validated protocols from previous computational models
simulating femoral fracture fixation [42,43,47]. All interfaces between the plate and screws, as well as between the femur and
screws, were modeled as bonded contacts to replicate stable fixation and simulate full mechanical interlocking. This
simplification excluded the geometric modeling of screw threads while preserving the effect of full cortical engagement, which
is consistent with osseointegration behavior observed in vivo [42].

The inclusion of screws in the finite element (FE) model, despite the bonded contact assumption, is necessary for several
reasons. First, the screws are included in the model to ensure proper alignment and placement within the locking plate and femur.
This ensures the correct geometry and load transfer from the plate to the bone, providing accurate predictions of the mechanical
behavior of the construct [47]. Second, while the bonded contact assumption simplifies the analysis by ignoring frictional effects
and screw thread interactions, the screws remain critical in simulating the fixation mechanism and load-bearing behavior of the
entire system. This allows for accurate stress distribution and deformation analysis across the screws and bone-plate interfaces
[43]. Third, by modeling the screws explicitly, the interaction between the screws and the cortical bone can still be captured,
ensuring realistic stress analysis in the bone and surrounding tissues, even when frictional forces are neglected [42].

In clinical settings, implanted devices are often surrounded by newly formed bone, validating the use of bonded interactions
in simulations [43]. To replicate real-world loading tests, the femoral head was allowed only vertical displacement (Y -axis). At
the same time, horizontal movement (X and Z axes) was restricted by bonding the contact surface with the loading platen. The
distal femur condyles were fully constrained, simulating the fixed support used in biomechanical experiments [47].

These boundary conditions were chosen to replicate the conditions found in experimental and clinical studies realistically.
The use of vertical displacement at the femoral head simulates the physiological loading seen during a single-leg stance. The
restriction of horizontal motion helps mimic the rigid fixation of the femur during in-vitro tests. The full constraint of the distal
femur condyles is consistent with common biomechanical testing protocols, where the distal femur is typically fixed to ensure
proper alignment and prevent any movement that might interfere with the analysis of load distribution and mechanical behavior
[42]. An axial load of 700 N was applied through the loading platen surface to mimic single-leg stance conditions, which is
approximately equal to the body weight of a 70 kg individual. This value falls within the range of single-leg stance loading
reported in literature, thus making it an appropriate choice for simulating the mechanical conditions experienced during walking
or standing [47]. Figure 8 presents the complete boundary setup, reproducing realistic mechanical constraints for the femur-
implant construct.

. Force: 700. N
. Fixed Support
Displacement

Figure 7: Meshing of the finite element models Figure 8: Boundary conditions of the finite element models
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2.2.7 Finite element analysis (FEA) approach

ANSYS Workbench 2024 Suite was employed to simulate femoral constructs under a 700 N axial load. This loading
condition corresponds to the single-leg stance phase of a 70 kg human body and has been clinically validated in previous studies
[42,43]. Axial stiffness for each configuration (The models tested in the FEA included Models 1 through 5, along with the intact
femur (control model)) was calculated using Equation (1):

Stiffness (k) == (1)

where: F = 700 N is the applied force; & is the vertical displacement measured at the femoral head apex, the point of force
application.

This approach ensured precise and reproducible stiffness measurements aligned with established physical laws and
simulation standards. The FEA boundary conditions and loading strategy were implemented to match clinical and experimental
test setups.

Figure 9 illustrates the algorithmic structure and workflow of the finite element analysis performed in this study.

Model Preparation:

A 3D model of the artificial femur was prepared and
modified to include a midshaft defect to simulate a
transverse fracture.

U

Material Assignment:

Material properties were assigned to the bone, plate, and
screws using geometry data in ANSY'S.

J

Mesh Generation:

The model was meshed using tetrahedral elements to
ensure analytical accuracy.

J

Boundary Conditions:

It were applied to simulate the single-leg stance phase,
including the application of an axial force and the
stabilization of proximal and distal components.

J

Finite Element Analysis (FEA):

Finite element analysis was performed to calculate
stiffness.

J

Results Extraction:

Results were extracted for each plate configuration and
compared to a healthy femur.

J

Discussion:

The effect of plate thickness and bending angle on
mechanical performance was discussed.

J

Conclusion:

Conclusions and recommendations for future research and
clinical applications were presented.

l

Figure 9: Research methodology steps for simulating femoral fracture fixation
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3. Results

All bone plate configurations passed the Finite Element Analysis (FEA) under a 700 N axial load, simulating the single-leg
stance phase according to references [37,42,43]. The analysis determined the axial stiffness and total deformation for each
simulated model. Detailed findings are presented in Figures 10 through 13 for both 4 mm and 6 mm plate thicknesses. The 4 mm
plates exhibited stiffness changes from 2,117.3 N/mm (Model 1 at 0°) to 2,190.4 N/mm (Model 5 at 20°), resulting in a 3.5%
improvement. The total deformation decreased by 3.4%, from 0.33067 mm to 0.31958 mm. The 6 mm plates demonstrated better
overall stiffness, with a maximum stiffness value of 2,328.9 N/mm (at 20°), showing a 3.2% increase, and a reduction in
deformation to 0.3007 mm at this bending angle.

The control group (intact femur) displayed the highest stiffness value 0f'9,187.6 N/mm and the lowest deformation value of
0.076189 mm compared to all plate constructs. The stiffness values for the 6 mm plates exceeded those of the 4 mm plates by
approximately 6.6% at all tested angles. The highest plate performance was observed at the 20° bending angle, which increased
stiffness to 23.8% (for 4 mm) and 25.4% (for 6 mm) of the intact femur values. Stiffness values increased and deformation
decreased across the bending angle range from 0° to 20° in these plate configurations. The data indicated that this performance
improvement occurred for all tested plate thicknesses at the 20° bending angle.
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Figure 10: (a-e)Total deformation of the femur for a 4 mm thickness bone plate: Models 1 to 5 (Flat and Bent Plates) and f) Intact femur
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4. Discussion

4.1 Effect of plate thickness on mechanical performance

The results of this study confirm that plate thickness has a decisive influence on the mechanical performance of fracture
fixation constructs. The finite element simulations demonstrated that increasing thickness from 4 mm to 6 mm consistently
improved axial stiffness and reduced deformation under loading. This is well explained by classical mechanics, where flexural
stiffness increases with the cube of thickness (I « h3). Consequently, even relatively small increases in thickness lead to
disproportionately large increases in bending resistance [21].

For the 4 mm plates, stiffness ranged from 2117.3 N/mm in the flat configuration (Model 1, Figure 10) to 2190.4 N/mm in
the 20° bent configuration (Model 5, Figure 10), with a corresponding reduction in deformation from 0.33067 mm to 0.31958
mm. Improvements were gradual as bending increased from 0° to 20°, but even at maximum bending, the stiffness achieved
represented only 23.8% of the intact femur stiffness (Figure 12).

The 6 mm plates, in contrast, showed higher stiffness in all models. Starting from 2256.6 N/mm (Model 1, Figure 13) and
increasing to 2328.9 N/mm in Model 5 (Figure 13), the thicker plates consistently provided superior mechanical stability.
Deformation values dropped from 0.31019 mm to 0.3007 mm, and the optimal 20° bent design reached 25.4% of intact femur
stiffness (Figure 13). Importantly, even the flat 6 mm plate outperformed all 4 mm plates, highlighting thickness as a dominant
factor in construct behavior.

Clinically, these findings suggest that thicker plates may offer advantages in patients with higher body weight or in cases
where cortical bone loss reduces natural stability. The larger cross-sectional area of 6 mm plates allows for better stress
distribution across the screw-bone interface, thereby minimizing the risk of screw loosening or implant failure [30]. However,
this mechanical superiority must be balanced against potential long-term risks such as stress shielding. Excessively stiff implants
may reduce the physiological load transfer to bone, suppress micromotion, and eventually contribute to bone resorption and
delayed remodeling. Our study indicates that 6 mm plates maintain stiffness levels that remain within a range conducive to
secondary healing, but further clinical studies are needed to determine whether prolonged use could predispose patients to bone
loss. This highlights the importance of considering both immediate mechanical stability and long-term biological compatibility
when selecting implant thickness.

4.2 Influence of bending angle on biomechanical performance

The bending angle of plates also had a measurable influence on mechanical performance, independent of thickness. Across
both plate groups, increasing curvature from 0° to 20° led to an average increase in stiffness of 3.2—3.5% and a reduction in
deformation of 3.1-3.4%. While the absolute values were smaller than those caused by thickness, the trend was consistent,
confirming that bending angle should not be overlooked in implant design.

Geometric and mechanical effects can explain the improvement. In non-contact locking systems, stability arises primarily
from the screw-plate interface rather than direct plate-bone contact. Bending alters screw trajectories, improving their angular
relationship with the bone cortex, and distributing loads more evenly across the construct. This reduces eccentric loading on
individual screws and enhances axial fixation. Mechanically, the curved shape also behaves more like an arch than a flat beam,
providing greater efficiency in resisting axial loads [12].

In addition, residual stresses induced during cold bending create a pre-stressed state in the plate, which increases its resistance
to deformation under functional loads. This explains the consistent improvements observed as bending increased from 0° to 20°.
However, bending angles beyond 20° should be avoided, as excessive deformation during bending may cause microcracks or
localized material damage, predisposing the plate to early fatigue failure [45,48].

The biological significance of bending is equally important. By aligning the plate more closely with the femoral axis, optimal
bending improves the physiological distribution of forces across the fracture site. This creates an environment that not only
enhances mechanical performance but also promotes callus formation and fracture healing by maintaining controlled
micromotion.

4.3 Comparative performance relative to natural bone

Compared to intact femur stiffness, all plate configurations reduced stiffness to approximately 23.8-25.4% of the natural
value. This intentional reduction is a design strategy, not a limitation. Excessive stiffness would eliminate beneficial
micromotion, leading to stress shielding and delayed union [7, 24, 36]. Controlled stiffness, on the other hand, allows
interfragmentary movements between 0.2 and 1 mm, a range known to stimulate callus formation and support secondary bone
healing.

The bending modifications further contributed by enhancing load distribution. Instead of concentrating forces at specific
screws or fracture edges, the curved plates allowed forces to be more evenly shared across the fracture zone [12]. This
combination of reduced stiffness and improved force distribution mirrors the natural biomechanics of bone, creating a favorable
environment for healing.

The findings demonstrate that both thickness and bending angle are critical variables that influence fixation performance.
Thicker plates provide robust mechanical support, while appropriate bending optimizes load sharing and biological healing
conditions.

1203



Ahmad S. Jasim et al. Engineering and Technology Journal 43 (12) (2025) 1193-1207

5. Conclusion

This study addressed an important gap in orthopedic implant development by designing and testing a curved biodegradable
ZK60 magnesium locking plate for midshaft femoral fracture (AO/ASIF 32-A3). Current conventional implants often suffer
from a mismatch between mechanical rigidity and biological flexibility, resulting in either insufficient fixation or stress shielding.
The proposed solution combines biodegradable magnesium alloy with anatomically curved plates, evaluated under finite element
simulations with physiological loading conditions.

Key conclusions are as follows:

1) Plate thickness was a major determinant of mechanical behavior. The 6 mm plates consistently outperformed the 4 mm
plates in axial stiffness and total deformation. The most efficient performance was observed in the 20° bent 6 mm
configuration, which achieved 2328.9 N/mm stiffness and 0.3007 mm deformation. This configuration demonstrated
clear superiority over thinner plates and flat designs.

2) Plate curvature enhanced screw placement and load transfer. Even without direct plate-to-bone contact, bending angles
improved alignment between screws and cortical bone, allowing more effective load sharing. At 20° bending, load
transfer improved while maintaining interfragmentary motion within the ideal healing range. It should be noted that the
micromotion range of 0.2—1 mm was not directly measured in the simulations but rather adopted from the literature as a
biomechanical target for fracture healing. In this study, micromotion was indirectly estimated by calculating total
deformation at the fracture gap under a 700 N axial load. This approach provides an approximation consistent with the
literature-reported range known to stimulate callus formation during secondary bone healing.

3) ZK60 magnesium alloy provides favorable mechanical and biological compatibility. Its elastic modulus is closer to bone
than traditional metals, which reduces the mismatch in load transmission. The biodegradability of ZK60 enables gradual
load transfer to the healing bone. The conclusion regarding decreased stress shielding is theoretical and based on
biomechanical principles reported in the literature. While stress shielding was not directly measured in this study, the
improved load sharing and controlled deformation observed in the simulations suggest a reduced likelihood of stress
shielding compared to stiffer traditional implants.

4) The optimized configuration (6 mm thickness, 20° bending) achieved 25.4% of intact femur stiffness. This balance
provides enough stiffness to support early mobilization while avoiding excessive rigidity that would suppress
micromotion. The bent geometry also provided better anatomical conformity, further improving construct stability.

5) Finite element analysis proved effective for design optimization. By using validated mesh, material definitions, and
boundary conditions, the modeling approach reliably identified optimal design parameters before clinical application.
This supports the use of computational simulations as a predictive tool in orthopedic implant development.

In summary, the 6 mm ZK60 magnesium plate bent at 15-20° represents a biomechanically advantageous and clinically
promising option for femoral midshaft fracture fixation. It combines structural performance, anatomical conformity, and
biodegradability in a single construct.
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