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Abstract

Schatzker type VI fractures are complex tibial plateau injuries characterized by multiple
fracture lines and complete separation between the plateau and the shaft. These
features reduce the effectiveness of standard commercial fixation plates, which often
fail to conform to the irregular anatomy. Patient-specific plates, tailored to individual
bone geometry, offer improved anatomical fit and fixation. This study aims to compare
two patient-specific designs, based on 3D reconstruction (3DP) and generative
design (GDP), with a conventional commercial plate (CP). To enable rapid and cost-
effective evaluation, all designs were first prototyped in poly(lactic acid) using fused
deposition modeling. In bending tests, both 3DP and GDP were significantly stiffer
than CP, with stiffness increases of 23.8% and 10.0%, respectively. In biomechanical
compression tests, both patient-specific designs exhibited approximately 15% lower
displacement than CP under a 750 N load. Based on these results, the GDP design was
selected for metal additive manufacturing using laser powder bed fusion. The metal-
printed GDP was tested under a compressive load of 750 N and showed a mean
displacement of 2.11 = 0.01 mm, remaining below the commonly accepted clinical
threshold of 3 mm. This work highlights the potential of combining PLA-based
prototyping with targeted metal validation to support surgical decision-making and
streamline implant development.

Keywords: 3D printing; generative design; patient-specific bone plate; Schatzker
type VI fractures

1. Introduction

Schatzker type VI tibial fractures, also classified as Arbeitsgemeinschaft fiir
Osteosynthesefragen/Orthopedic Trauma Association 41-C fractures, are among the
most severe and complex types of tibial plateau fractures."” These fractures account for
23% of complex tibial plateau injuries and occur in 1-2% of all fractures, with an overall
incidence of 51.7 per 100,000 individuals each year, based on a 10-year epidemiological
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study from the Swedish Fracture Register.*® They involve
multiple parts of the tibia, including the lateral and medial
tibial plateaus, the metaphysis, and the diaphysis. This
damage results in a complete separation between the joint
surface and the tibial shaft, causing significant instability,”
as illustrated in Figure 1A.

The primary cause of these fractures is high-energy
trauma, such as motor vehicle accidents or falls from
significant heights.® In addition to bone damage, these
injuries are often associated with soft tissue injuries and
ligament tears due to the force of impact. Because the
fracture lines extend into the joint, treatment must address
both joint stability and load-bearing capacity. Furthermore,
the complex anatomical geometry of these fractures poses
significant challenges to effective treatment and healing.
Without timely and appropriate intervention, patients face

a high risk of complications, including infection, malunion,
nonunion, and post-traumatic osteoarthritis.’

Surgical intervention is crucial for managing Schatzker
type VI fractures, with the primary goals of stabilizing the
fracture, restoring joint function, and minimizing long-
term complications. Treating these complex fractures often
involves a variety of tools. External devices, such as external
fixators, are frequently used for initial stabilization, while
circular wire fixators can provide additional support to the
diaphyseal region when necessary. Internal tools, including
intramedullary nailing, K-wires for provisional alignment,
and bone grafts for filling bone defects, are commonly
employed to address specific fracture components.'®!!
Considering the high biomechanical load conditions of the
knee joint, open reduction and internal fixation with bone
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Figure 1. Workflow of the study: (A) Simulation of a Schatzker type VI fracture with a 1.5 mm gap; (B) Design of the baseline plate (CP) and patient-specific
bone plates 3DP and GDP; (C) Fabrication of PLA prototypes using FDM; (D) Mechanical and biomechanical testing of the prototypes; (E) Metal additive
manufacturing of the GDP using LPBF followed by biomechanical testing. Abbreviations: CP, commercial plate; FDM, fused deposition modeling;
GDP, generatively designed patient-specific bone plate; LPBE, laser powder bed fusion; MGDP, metal generatively designed bone plate; PLA, poly(lactic
acid); 3DP, 3D reconstruction design plate.
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plates and screw systems remains the most common and
widely adopted approach.'

Bone plates, typically made of biomedical metal
materials such as 316L stainless steel or titanium alloys due
to their superior mechanical properties, play a critical role
in restoring joint alignment and stability while bearing the
load required for early mobilization."”® Despite their critical
role, standard bone plates have limitations. They may not
precisely conform to the unique anatomical structure
of each patient, potentially leading to improper fixation
or loosening of the plate or screws, which may require
revision surgery.'*"” Additionally, standard plates carry the
risk of stress shielding, in which the plate bears too much
load, reducing stress on the bone and increasing the risk of
healing complications or deformities.'®'” These limitations
highlight the need for improved designs tailored to
individual patients to optimize outcomes in the treatment
of Schatzker type VI fractures.

Recently, the development of patient-specificbone plates
hasbecome increasingly common, driven by advancements
in metal additive manufacturing (AM)."® These plates
are primarily created using 3D reconstruction methods,
which enable precise customization for individual fracture
sites by integrating advanced scanning technologies and
collaborative designs between engineers and surgeons.”
For instance, Teo et al.** designed a patient-specific bone
plate for lateral tibial plateau fractures that was produced
using selective laser melting with 316L stainless steel in
24-29 hours. This turnaround time enabled implantation
before the onset of bone healing, thereby reducing the risk
of complications associated with prolonged immobility.
Similarly, Tilton et al* demonstrated that AM-centric
fixation designs for patient-specific plates reduced average
varus collapse (medial fracture gap displacement) by
47.2% and the risk of screw cut-out by 14.6% compared to
conventional plate designs. However, applying metal AM
in biomedical implant design presents several challenges.
Most patient-specific plates are produced using laser
powder bed fusion (LPBF), a technique that involves high
equipment and material costs.”” In addition, extensive
post-processing—such as support removal, machining,
polishing, and heat treatment—is often required to
ensure surface quality, dimensional accuracy, and
biocompatibility.” These steps are time-consuming and
add significant complexity, especially in the early design
phase when multiple iterations are typically needed.

Alternatively, generative design (GD) has emerged as
a transformative approach for patient-specific bone plate
design, attracting growing research attention. This artificial
intelligence (AI)-assisted methodology iteratively generates
diverse design solutions based on predefined constraints

and objectives, enabling precise and optimized outcomes.*
Baumgartner et al.* applied GD to develop bridging plates
for mandibular bone defects in dogs, achieving superior
mechanical performance compared to traditional designs.
Kanagalingam et al.* further demonstrated the potential
of GD for high tibial osteotomy plates, designing and
fabricating plates using electron beam melting. The success
of this study demonstrates that GD, when combined with
AM, offers a promising approach for patient-specific
implant development. By leveraging Al to generate
personalized and biomechanically optimized solutions,
this method has the potential to significantly reduce
design time and eliminate the iterative communication
between surgeons and engineers during the design cycle.
Recent work has begun to extend GD from planar parts to
anatomically complex implants and fixation devices. Cheng
et al.”’ proposed a semi-automated GD workflow in Fusion
360 for orthognathic plates, reporting shorter hands-
on design time and acceptable stress levels for titanium
hardware. Dewey et al.”® combined GD-architected Voronoi
meshes with mineralized collagen to produce trim-to-fit
craniofacial composites that conform to irregular defects
while maintaining predictable stiffness. Alvarado-Moreno
et al.” used GD to reconstruct mandibular continuity
after tumor resection, balancing mass and rigidity and
verifying mechanical response with finite element analysis
for polymer implants secured by titanium or stainless-steel
hardware. However, most existing studies focus on implants
subjected to limited or simplified loading conditions rather
than realistic load-bearing scenarios. This indicates that
the full potential of GD has yet to be realized, particularly
for bone plates that experience complex, multi-directional
forces, such as those in proximal tibia fixation. Further
research is required to enhance GD’s capability to model
and optimize designs under physiological load conditions
for clinically relevant and load-bearing applications.

This study focuses on designing patient-specific
bone plates for Schatzker type VI fractures using 3D
reconstruction and GD and comparing their performance
with commercial plates (CPs) through biomechanical
experimental tests. To facilitate rapid design validation, the
patient-specific plates are initially fabricated using fused
deposition modeling (FDM) with poly(lactic acid) (PLA),
allowing cost-effective prototyping and experimental
verification of mechanical property trends. Based on these
evaluations, selected designs are further manufactured in
Ti6Al4V using LPBF for definitive biomechanical testing.
The findings from this study aim to provide a thorough
assessment of patient-specific plate designs and contribute
to the optimization of treatment strategies for managing
complex tibial fractures.
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2. Materials and methods

2.1. Base tibia model and Schatzker type Vl tibial
fracture simulation

In this study, the open-access statistical shape models
(SSMs) of the tibia developed by Keast et al*® were
utilized as the foundation for design (Figure 1A). These
models were generated from computed tomography
scans of 30 cadavers (20 male, 10 female) sourced from
the New Mexico Decedent Image Database. Keast et
al’® employed segmentation and reconstruction of both
cortical and trabecular structures of the tibia and fibula.
Principal component analysis was applied to capture 95%
of the geometric variation present within the dataset,
resulting in anatomically accurate and statistically robust
tibial representations. Although an SSM is generated
from a population dataset, it can still support patient-
specific design by statistically representing anatomical
variations across individuals.’*** By fitting or sampling the
model to approximate a given morphology, it provides a
realistic surrogate of a patient’s tibia when direct imaging
data are unavailable.”® This allows the design workflow,
optimization, and validation processes to be developed and
tested under anatomically credible conditions consistent
with patient-specific design principles. For this study,
the mean tibia shape model was exported in Standard
Tessellation Language (STL) format and imported into
Autodesk Fusion 360 v2.0 (Autodesk Inc., United States of
America). This workflow ensured precise control over tibial
shape and geometry during the design process. The design
focused on a plate for proximal tibia fixation, particularly
addressing lateral tibial plateau involvement.

The fracture simulation, crucial for evaluating the
designed bone plate, was conducted in Autodesk Fusion
360 v2.0 (Autodesk Inc., United States of America)
using the imported tibia model, as shown in Figure 1A.
According to the Schatzker classification, type VI fractures
are characterized by complete dissociation between the
metaphysis and diaphysis of the tibia, often with significant
articular involvement and extensive comminution of the
lateral tibial plateau. To replicate this fracture pattern, the
proximal 150 mm of the tibia was segmented to simulate
articular-diaphyseal separation.

In fracture fragment reduction, a 0 mm gap is ideal,
as it ensures absolute stability and direct bone healing.
However, in complex fractures such as Schatzker type VI,
achieving complete fragment contact is often impractical
due to comminution and anatomical constraints. Clinically,
fracture gaps during surgery typically range from 0 to 3
mm, with gaps exceeding 2 mm being associated with
delayed union and increased nonunion risk. Studies
indicate that a controlled 1.5 mm gap provides a balance

between mechanical stability and biological stimulation,
allowing sufficient micromotion for callus formation while
avoiding excessive strain.***

In this study, the fracture gaps were carefully designed
to simulate a clinically relevant Schatzker type VI fracture
while ensuring accurate analysis of the mechanical
behavior of the fixation. A 1.5 mm gap was introduced 56
mm from the proximal end of the tibia, extending through
the shaft and separating the plateau from the tibial body at
an angle of 15°. Furthermore, a 25° inclined gap, offset 6
mm from the central axis of the lateral tibial plateau, was
created to replicate the typical lateral disruption observed
in type VI fractures, as illustrated in Figure 1A. These
fracture configurations were modeled in Fusion 360 v2.0
(Autodesk Inc., United States of America), ensuring an
anatomically accurate representation of the injury.

2.2. Bone plate design

2.2.1. Commercial plate design (baseline)

The design for the comparison group was created to
align with the simulated fracture’s position and size,
ensuring consistency with the anatomical and mechanical
requirements of the study. Using Autodesk Fusion 360 v2.0
(Autodesk Inc., United States of America), the implant
geometry was replicated from the DePuy Synthes Locking
Compression Plate (LCP) Periarticular Plating System,
specifically the 4.5 mm thickness LCP Medial Proximal
Tibia Plate (DePuy Synthes, United States of America).”
This plate, designed for the right tibia, features four main
holes and measures 106 mm in length. The resulting design,
referred to as the comparison CP, was modeled to match
the geometry and specifications of the original plate as
accurately as possible, ensuring it could serve as a reference
for evaluating the patient-specific design. The final design
of the CP is shown in Figure 1B, illustrating its structure
and alignment with the original implant specifications.

2.2.2. Patient-specific plate design based on
3Dreconstruction

In this study, the 3D reconstructed patient-specific plate
(3DP) was developed using Autodesk Fusion 360 v2.0
(Autodesk Inc., United States of America), ensuring it
accurately conformed to the outer surface contours of the
reconstructed tibia model. The 3DP approach followed
the standard workflow commonly used in patient-specific
bone plate studies, involving surface reconstruction
from computed tomography data, contour fitting to the
anatomical model, and screw position design.***" Its
purpose was to establish a representative and reproducible
patient-specific design reference for comparison with the
GD method. The design process began with sketching
the outer boundary of the plate from a posterior view,
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positioned 18 mm below the top of the tibial plateau. The
plate measured 106 mm in length, with a width of 32 mm
proximally and 16 mm distally in the T-shaped section.
This sketch was extruded toward the tibia to capture the
natural surface geometry of the bone, forming the external
profile of the insertion area. The surface was then thickened
to 4.5 mm, completing the geometric design of the plate.
The screw hole configuration was replicated from the CP to
maintain consistency in evaluations. The final design of the
3DP is shown in Figure 1B, illustrating its alignment with
the tibia’s natural contours and its suitability for addressing
the simulated fracture.

2.2.3. Patient-specific plate design via

generative design

The GD-designed patient-specific bone plate (GDP) was
also developed using Fusion 360 v2.0 (Autodesk Inc.,
United States of America). The process began by creating
screw holes with a thickness of 4.5 mm and specific
configurations on the plate. These holes were extruded
outward by 2 mm to form preserved geometry, serving as
fixed features during the GD process. To achieve the final
plate design, GD iteratively connected these features under
predefined constraints.

To ensure a precise fit and effective biomechanics,
geometric and mechanical constraints were carefully
defined. The proximal tibial surface was designated as
obstacle geometry to prevent implant penetration into
the cortical surface. A boundary constraint zone was
designed to represent the plate’s outer contour, ensuring
appropriate shape and thickness. Additionally, a curved
thickness constraint layer adjacent to the tibia, with a
thickness of 4.5 mm, was set as an obstacle to maintain the
plate’s anatomical accuracy and ensure it did not exceed
the design thickness of 4.5 mm. Cylindrical geometries
were also added to simulate screws passing through the
plate and into the bone, ensuring proper alignment of
the screw holes. These geometric settings are shown in
Figure 2. A 750 N compressive load, defined as described
in Section 2.3, represented the typical biomechanical
loading experienced by the tibia during normal gait. A wall
thickness of 1.5 mm was preserved around the screw holes
to maintain structural integrity while enabling lightweight
optimization. The maximum overhang angle of 65° and a
layer thickness of 0.8 mm reflected the buildability limits
of metal powder-bed fusion, preventing the generation
of geometries that would require extensive support or
risk printing defects. The design objective of minimizing
mass further promoted a lightweight yet mechanically
robust plate suitable for load-bearing and long-term
implantation. All mechanical constraints, including load-
bearing capacity, objectives, and manufacturing methods,
were specified to meet biomechanical requirements,

as summarized in Table 1. This approach generated a
set of patient-specific plates tailored to the individual’s
anatomy and structural requirements. Specifically, three
design variants were produced, each incorporating minor
differences in geometry that led to variations in predicted
mechanical performance. Among the three variants,
the design with the highest safety factor was identified
as the most reliable option and was therefore selected
as the generative GDP for subsequent fabrication and
experimental testing.

2.3. Finite element analysis for early

design evaluation

To rapidly evaluate the design outcomes at the early
stage, finite element analysis (FEA) was applied prior to
manufacturing the physical prototypes for experimental
testing. The FEA served as a concept-screening tool to
qualitatively compare stress distribution and displacement
patterns among the plate designs.

The models were developed from the parametric
computer-aided design model of the SSM tibia and the
three patient-specific bone plates in Fusion 360 v2.0
(Autodesk Inc., United States of America). The bone
fragments and implants were assembled to replicate the
implantation configuration before FEA modeling. The
screws were represented as cylinders with a diameter
of 5 mm and merged with the plate to approximate the
threaded connection between the screw head and the plate.

For the boundary and loading conditions, the distal
section of the tibia was fixed to ensure stability. A total
knee joint reaction force of approximately three times
bodyweight during single-leg stance was considered, and
the load was distributed between the medial plateau (55%)
and the lateral plateau (45%).">** A vertical compressive
point load of 750 N was applied to the lateral region of
the tibial plateau, representing the lateral share of the total
reaction force. This condition simulated the single-leg
stance of a 55 kg individual, which is clinically relevant for
assessing fixation stability.

The bone plates were assigned Ti6Al4V material
properties, a titanium alloy widely used in orthopedic
implants due to its high strength-to-weight ratio and
biocompatibility. The simulations were conducted in the
Fusion 360 v2.0 (Autodesk Inc., United States of America)
using the Autodesk Nastran solver. A tetrahedral mesh
was generated in Fusion 360 using the default adaptive
settings, with a model-based average element size of 10%,
parabolic element order, and a maximum turn angle on
curves of 60°. Under these identical settings, the element
counts were approximately 4 million for the CP, 50 million
for the 3DP, and 60 million for the GDP. The lower element
number in the CP model was due to its relatively simple
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Figure 2. Design constraints and boundary conditions for the patient-specific bone plate. (A) The preserved geometry includes screw holes and fixation
regions with an applied load of 750 N. The obstacle geometries are (B) screws, (C) a thickness constraint layer that defines the allowable plate thickness by
maintaining a gap above the bone surface, and (D) a boundary constraint zone that limits the plate width and length during generative design.
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Table 1. Parameter settings for generative design in patient-
specific bone plate design

Parameter Setting value
Preserved hole thickness 1.5 mm
Material Ti6Al4V
Load 750 N

Design objective Minimize mass

Manufacturing method AM
Maximum overhang angle 65.0°
Minimum layer thickness 0.8 mm

and flat geometry, which required less mesh refinement to
capture surface details. The higher element numbers in the
3DP and GDP models resulted from their more complex
geometries, which led the software’s model-based meshing
algorithm to refine elements locally to maintain geometric
accuracy and mesh quality.

2.4. Prototypes and tests

In this study, PLA prototypes were fabricated to
experimentally ~ validate the relative mechanical
performance of the designed plates at the concept stage.
PLA was selected for its cost-effectiveness, ease of printing,
and suitability for comparative evaluation before metal
fabrication. The mechanical assessment focused on two
key aspects: plate quality and fixation stability. These
are essential for ensuring that the bone plate provides
sufficient structural strength to withstand physiological
loading while maintaining stable fixation to support
effective fracture healing. Three-point bending tests
were performed in accordance with ASTM F382-17 to
assess bending strength and stiffness.** Biomechanical
compression tests were conducted to evaluate fixation
stability under physiological conditions, as stable load
transfer and minimal displacement at the fracture site are
vital for promoting proper bone healing and preventing
implant failure.*>*

2.4.1. Additive manufacturing of the tibia model and
bone plates

The STL files of the tibia, including the fracture region
from the virtual 3D model, were prototyped using FDM
on a Prusa MINI+ 3D printer (Prusa Research a.s., Czech
Republic). The skeletal model was printed in PLA + white
filament with a layer resolution of 0.20 mm and a density
of 100%. The finalized patient-specific bone plate designs
were also converted to STL format and prepared for 3D
printing using the PrusaSlicer v2.8 (Prusa Research a.s.,
Czech Republic). These designs were printed on the same
Prusa FDM printer in PLA + white filament (Raise3D,
United States of America) with a layer resolution of 0.15
mm and a density of 100%.

2.4.2. Three-point bending tests

The 3D printed PLA bone plates were subjected to three-
point bending tests using a Shimadzu universal AGS-X
testing machine (Shimadzu Corporation, Japan) with a
1 kN sensor. The test setup included two support rollers
spaced 104 mm apart to provide stable support for the
plates. A third roller applied the load at the midpoint of
each plate, perpendicular to its surface, ensuring consistent
loading conditions, as illustrated in Figure 3A.

The tests were conducted under displacement control
at a constant rate of 1 mm/s to simulate progressive
loading conditions. The load and axial displacement were
continuously recorded throughout the test. Each test was
terminated once the reaction force began to decrease after
reaching the maximum load. Data recorded beyond the
point of maximum load were excluded from the analysis
to focus on the plate’s peak performance and structural
integrity under loading. The stiffness of each plate was
determined as the slope of the linear elastic region of the
load-displacement curve.

2.4.3. Biomechanical tests

The 3D-printed PLA bone plate was first fixed onto the
corresponding 3D-printed fractured tibia model using
stainless steel screws. Specifically, three M5 screws (40 mm
inlength) were inserted through the distal screw holes of the
plate, and four M5 screws (80 mm in length) were inserted
proximally to secure fixation. To examine the mechanical
stability of the different plate designs under physiologically
relevant loading, compression was primarily evaluated at
750 N, representing the typical tibial load during single-
leg stance. The assembled plate-tibia construct was
then mounted on a Shimadzu universal testing machine
equipped with a 1 kN load cell for compression testing.

To ensure consistent alignment and test repeatability,
the model was positioned on a custom-designed support
base. A stainless steel load applicator, contoured to replicate
the distal femur anatomy derived from the SSM, was
custom-fabricated using LPBF in stainless steel (Shenzhen
WeNext Technology Co., Ltd, China). This applicator
was placed on the tibial plateau to simulate physiological
loading representative of a standing human. The overall
experimental setup is illustrated in Figure 3B.

Compression was applied under displacement control
at a constant rate of 1 mm/s to simulate progressive axial
loading. The load and displacement were continuously
recorded throughout each test. Testing was terminated
when the applied load reached the maximum sensor
capacity of 1 kN. Displacement values at 500 N, 750 N,
and 1000 N were recorded for comparison against the
3 mm threshold under a broader loading range, as
excessive fragment displacement greater than 3 mm is
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Figure 3. Experimental setup for biomechanical testing of bone plates: (A) three-point bending test and (B) biomechanical compression test.

widely recognized as a critical indicator of poor fracture
healing and severe complications.*>*>~*

2.5. Metal 3D printing for the generatively designed
patient-specific bone plate

To further evaluate its mechanical performance, the
final GDP was fabricated using the LPBF process on a
DiMetal-280 metal AM machine (Shenzhen Jinshi 3D
Printing Technology Co., Ltd., China). Ti6Al4V powder
(Zhongyuan Advanced Material Co., Ltd., China) with
a particle size range of 15-53 ym (D, = 20 ym, D, =
30 um, D, =50 um) was used for manufacturing the patient-
specific bone plate. The printing parameters included a
slicing layer thickness of 0.03 mm, laser power of 190 W,
scanning spacing of 0.09 mm, and scanning speed of 1000
mm/s, with a 67° interlayer spiral filling strategy and 8
mm-wide stripe partitioning. The plate was positioned at
a 45° inclination relative to the X-axis to enhance forming
efficiency and surface quality on the downward-facing
surface, with non-solid intelligent supports applied to
overhangs below 30° and additional block supports placed
at the lowest points. Post-processing was conducted in

sequence, beginning with heat treatment (annealing) to
relieve residual stress and stabilize the microstructure,
followed by wire-cutting separation to remove the plate
from the build substrate. The printed supports were then
mechanically removed, after which the plate was precision-
ground and polished to achieve the required dimensional
tolerances and smoothness. Finally, surface shot peening
was performed to improve surface integrity and enhance
fatigue resistance. These steps ensured that the plate met
the necessary dimensional accuracy, surface quality, and
mechanical reliability for subsequent testing. Figure 4A
presents the finalized metal generatively designed bone
plate (MGDP).

Subsequently, the MGDP was subjected to
biomechanical compression testing using the same
setup as described for the PLA prototypes. The plate was
fixed to the 3D printed tibia model with identical screw
configurations, and a 750 N axial load was applied to record
the corresponding displacement. This allowed a direct
comparison between the PLA prototype and the metal
version of the GDP under equivalent testing conditions.
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Figure 4. Fabricated generatively designed plates: (A) the metal generatively designed bone plate manufactured from Ti6Al4V via laser powder bed fusion after
post-processing; (B) the corresponding poly(lactic acid) prototype fabricated by fused deposition modeling for early-stage biomechanical validation.

2.6. Statistical analysis

A one-way analysis of variance (ANOVA) was performed
to determine whether there were significant differences in
stiffness and maximum load from the three-point bending
tests, as well as displacement from the biomechanical
compression tests, among the three plate designs. Post
hoc analyses were performed using the Tukey honestly
significant difference (HSD) test when variances were equal
and the Games-Howell test when variances were unequal,
based on the results of Levenes test. A significance level of
0.05 was used for all statistical tests. Statistical analysis was
conducted using SPSS Statistics v27.0 (IBM Corp., United
States of America).

3.Results

The final designs of the CP, 3DP, and GDP plates are
presented in Figure 5, providing a visual comparison
of the three design approaches prior to mechanical and
biomechanical evaluation.

3.1. Finite element analysis

The FEA results, shown in Figure 6, illustrate the stress
and displacement distributions of the plate-bone system
for the three plate designs under a 750 N load. All designs

remained within the material’s ultimate strength and the
3 mm displacement threshold for bone fragments. In all
cases, the maximum von Mises stress was localized in
the central region of the plate. Implantation of the plates
reduced stress concentrations in the tibia, helping to avoid
excessive loading in the bone. All three designs met the
basic structural and fixation requirements for a bone plate
under the simulated loading condition.

3.2. Three-point bending test results of poly(lactic
acid) prototypes

The three-point bending test results for the three plate
designs are shown in Figure 7, which presents the mean
load-displacement curves for the 3DP, CP, and GDP plates
(n = 5) with error bars representing one standard deviation.
The numerical values for stiffness and maximum load
are summarized in Table 2. Both patient-specific designs
(3DP and GDP) outperformed the CP plate. The 3DP plate
demonstrated approximately 24% higher stiffness and 15%
higher maximum load compared with CP, while the GDP
plate achieved about 10% higher stiffness and 13% higher
maximum load. Statistical analysis confirmed significant
differences among groups (p < 0.05). Post hoc tests further
indicated that both 3DP and GDP were superior to CP,
while no significant difference was observed between GDP
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Figure 5. Final designs of the three plate types: (A) baseline plate (commercial plate), (B) patient-specific plate 3D reconstruction design plate, and (C)

generatively designed patient-specific bone plate.

and 3DP (p > 0.05), supporting the non-inferiority of GDP
relative to the established 3DP approach.

3.3. Biomechanical compression results of poly(lactic
acid) and metal plates

Thebiomechanical compression test results are summarized
in Table 3, showing the vertical displacement of the three
PLA plate designs (CP, 3DP, GDP) and the metallic MGDP
plate under loads of 500 N, 750 N, and 1000 N. At each
load level, one-way ANOVA followed by

Tukey HSD post hoc testing revealed significant
differences among the PLA designs (p < 0.05). Across all
conditions, both GDP and 3DP provided significantly
more stable fixation than CP (p < 0.05), with no significant
difference between GDP and 3DP (p > 0.05). Specifically,
mean displacements for the CP, 3DP, and GDP were 2.36 +
0.16,2.00 £ 0.08, and 1.96 + 0.13 mm at 500 N; 2.87 + 0.11,
2.45 £+ 0.06, and 2.43 + 0.20 mm at 750 N; and 3.09 + 0.11,
2.65 * 0.07, and 2.65 + 0.22 mm at 1000 N, respectively.

The MGDP demonstrated the smallest displacement across
all loads, with values of 1.53 + 0.09, 2.11 + 0.01, and 2.39
* 0.04 mm, remaining well below the commonly accepted
clinical threshold of 3 mm.

4, Discussion

In the early stage of this study, the FEA indicated that all
designed plates met the basic requirements for fixation
stability and structural safety, supporting their progression
to the prototype fabrication and manufacturing stages.
This analysis functioned as a preliminary screening step
within the overall workflow, allowing rapid, qualitative
assessment of stress distribution and displacement
patterns before committing resources to physical testing.
Such a preliminary evaluation is valuable for identifying
potential mechanical concerns and confirming that each
design concept is fundamentally viable. However, the FEA
modeling assumed isotropic Ti6Al4V material properties
and did not incorporate the anisotropy or process-specific
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A

Figure 6. Biomechanical finite element analysis results of the three bone plate designs under a 750 N load. Stress distribution on (A) the CP only, (B) the tibia
with the CP, and (C) displacement distribution of the tibial fragment with the CP. Stress distribution on (D) the 3DP only, (E) the tibia with the 3DP, and
(F) displacement distribution of the tibial fragment with the 3DP. Stress distribution on (G) the GDP only, (H) the tibia with the GDP, and (I) displacement
distribution of the tibial fragment with the GDP. Abbreviations: CP, commercial plate; GDP, generatively designed patient-specific bone plate; 3DP, 3D
reconstruction design plate.

behavior associated with FDM or LPBF manufacturing, The three-point bending test results demonstrated
meaning the results are not directly representative of real- that both patient-specific plate designs outperformed the
conventional CP in terms of stiffness and maximum load
capacity, as shown in Figure 7. Table 2 indicates that both
patient-specific designs (3DP and GDP) were significantly
data, enabling a more reliable comparison of designs and stiffer and withstood higher maximum loads than the
validation of their suitability for practical application. CP plate (p < 0.05), while no significant difference was

world performance.*** Consequently, experimental testing

was essential to obtain accurate and clinically relevant
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Figure 7. Load-displacement curves from three-point bending tests for the three bone plate designs (CP, 3DP, and GDP). The solid lines represent mean
load values, while the shaded regions indicate one standard deviation. Abbreviations: CP, commercial plate; GDP, generatively designed patient-specific
bone plate; 3DP, 3D reconstruction design plate.

Table 2. Stiffness and maximum load of CP, 3DP, and GDP designs from bending tests

Groups Stiffness (N/mm) Maximum load (N; n =5)
CP 8.18 £0.25 80.45 £2.51
3DP 10.13 £ 0.90 92.16 +2.49
GDP 9.00 £0.45 91.21 £1.19

Abbreviations: CP, commercial plate; GDP, generatively designed patient-specific bone plate; 3DP, 3D reconstruction design plate.

Table 3. Vertical displacement of PLA and Ti6Al4V plates under compression loads of 500 N, 750 N, and 1000 N, tested using the
same experimental setup (n = 3)

Design Material/process 500 N (mm) 750 N (mm) 1000 N (mm)
CP PLA (FDM) 2.36 £0.16 2.87£0.11 3.09+£0.11
3DP PLA (FDM) 2.00 £0.08 2.45 £ 0.06 2.65£0.07
GDP PLA (FDM) 1.96 £0.13 2.43+£0.20 2.65+0.22
MGDP Ti6Al4V (LPBF) 1.53 £0.09 2.11 £0.01 2.39 £ 0.04

Abbreviations: CP, commercial plate; FDM, fused deposition modeling; GDP, generatively designed patient-specific bone plate; LPBE, laser powder bed
fusion; MGDP, metal generatively designed bone plate; PLA, poly(lactic acid); 3DP, 3D reconstruction design plate.
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observed between 3DP and GDP. These differences may be
attributed to the design characteristics of the plates. The
CP features sharp transitions between its proximal and
distal segments, which can create stress concentrations
during bending and reduce structural stiffness. In contrast,
the 3DP and GDP were designed to match the anatomical
curvature of the tibia, resulting in smoother and more
natural transitions that help distribute stress more
evenly. This likely contributes to their superior bending
performance. Between the two patient-specific designs,
the 3DP performed slightly better, which may be due to its
near-rectangular cross-section that offers greater resistance
to bending. The GDP, although optimized for material
efficiency, features a tapered, trapezoidal cross-section in
the distal region. This geometry may have slightly reduced
its stiffness compared with the 3DP, despite still achieving
a significant improvement over the CP. The biomechanical
compression test results showed that both patient-specific
plate designs (GDP and 3DP) provided significantly better
fixation stability compared with the conventional CP. As
presented in Table 3, the mean displacement values under
a 750 N compressive load were 2.87 mm for CP, 2.45
mm for 3DP, and 2.43 mm for GDP. Statistical analysis
confirmed significant differences among the three groups
(p < 0.05), with post hoc tests indicating that both GDP
and 3DP achieved significantly lower displacement than
the CP. These results suggest that anatomically conforming,
patient-specific plates provide more stable fixation upon
implantation by improving load transfer and minimizing
micromotion at the fracture site. The enhanced stability can
be attributed to the improved contact between the plate and
bone surface, reducing stress concentration and promoting
more uniform force distribution.?>*** At 500 N and 1000
N, a similar trend was observed, with both patient-specific
designs showing smaller displacements than the CP and
no significant difference between GDP and 3DP. Notably,
at 1000 N, the CP displacement exceeded 3 mm, indicating
fixation instability, whereas both patient-specific designs
remained within the clinically acceptable range, further
supporting their superior mechanical reliability under
higher loading conditions.

The experimental results from the bending and
compression tests showed similar performance trends,
with the CP consistently identified as the weakest
performer. Both GDP and 3DP demonstrated improved
mechanical stability compared with the CP, with GDP
consistently exhibiting the lowest displacement in
compression tests and 3DP achieving the highest stiffness
in the three-point bending tests. Although PLA does not
replicate the mechanical properties of metallic implants,
it provides a rapid, low-cost, and accessible solution for
comparative evaluation during the design phase."”” PLA-

based prototyping enables efficient screening of design
alternatives, particularly in research and development
settings where metal AM is costly and time-consuming.
This approach also allows for safe, repeatable testing
without requiring a clinical-grade environment, making
it well-suited for iteration and optimization prior to
final metal fabrication. Overall, the use of PLA supports
design verification while reducing lead time and
resource consumption.

GD is a computational approach in which designers
define high-level constraints and performance goals,
allowing algorithms to automatically generate and refine
design solutions through iterative evaluation.’>* Unlike
traditional modeling methods, which require manual
adjustment of predefined geometry, GD enables broad
exploration of design possibilities and can optimize
multiple objectives, including mechanical strength,
weight reduction, and manufacturability.**® In this study,
3DP was used as a conventional method for designing
patient-specific bone plates and achieved the highest
stiffness and bending strength among the tested designs.
The GDP, although a newer method, showed comparable
fixation stability and achieved the lowest displacement
in the biomechanical compression tests. These results
demonstrate that GD can produce clinically acceptable
outcomes while reducing material use and implant weight.
Based on its high performance and design efficiency, the
GDP was selected for further validation using metal AM.
The MGDP was tested under a 750 N load and showed a
mean displacement of 2.11 + 0.01 mm. This value is well
below the commonly accepted clinical threshold of 3 mm,
confirming that GD is suitable not only for early-stage
design but also for producing patient-specific implants that
meet clinical standards.*>*>*°

However, this study has several limitations. The
biomechanical evaluation was simplified and did not
include soft tissue structures such as ligaments and
muscles, which are important for accurately simulating
joint stability.”"* Future research could address this
limitation by integrating soft-tissue constraints and
healing-related biological processes into computational
models. For instance, Tits and Ruffoni®® demonstrated how
tendon-to-bone interfaces can be represented using graded
material transitions to capture load transfer through soft
tissues, while Roland et al.*® incorporated progressive
callus formation and multiple healing phases in finite
element simulations to mimic the mechanical environment
throughout recovery. Similarly, Xu et al® linked
mechanical regulation models with fracture-healing theory
to optimize plate stiffness, offering a framework to couple
implant mechanics with tissue differentiation. Building
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on these approaches, future modeling of patient-specific
plates could incorporate ligament and muscle forces, as
well as temporal changes in callus stiffness, using imaging-
based anatomical data and validated mechanobiological
parameters. Such models would enable a more realistic
evaluation of fixation stability and healing outcomes
under physiological loading conditions. In addition, the
applied load was static and limited to simulating a standing
condition, without accounting for dynamic or multi-axial
loading scenarios encountered during activities such as
walking, stair climbing, or twisting motions.*>** Although
metal 3D printing was used to validate the GD under
clinically relevant material conditions, the other plate
designs were tested only in PLA, which may limit the direct
comparison across designs due to differences in material
properties and mechanical behavior. Furthermore, the
study did not account for manufacturing constraints such
as overhangs, thermal distortion, or anisotropy, which
may affect printability and structural integrity.*> Future
work should include metal testing for all designs and
incorporate manufacturing constraints into the design and
manufacturing process.

5. Conclusion

In conclusion, this study compared the mechanical and
biomechanical performance of patient-specific bone plates
with a conventional commercial design. The results showed
that patient-specific plates provide better anatomical fit
and greater stiffness. They also offer improved stability
for fracture fixation. These advantages suggest strong
potential to enhance surgical outcomes and support faster,
more reliable healing. Among the customized designs,
the GD approach showed non-inferior fixation stability
compared with the commonly used patient-specific
bone plate design method, highlighting its potential to
achieve biomechanically stable and clinically reliable
outcomes. Although the GDP showed slightly lower
stiffness, it achieved a more efficient balance between
mechanical strength and overall weight. The GD process
also offers a promising way to streamline the design
workflow, potentially reducing dependence on engineers
and shortening the time between diagnosis and surgery.
In addition, FDM-printed PLA prototypes were used to
evaluate the plate designs in the early development stage.
While they do not fully replicate the properties of metal
implants, the PLA models showed consistent trends with
the FEA results, supporting their use as a practical, low-cost
method for rapid design screening. This study focused on
a Schatzker type VI tibial plateau fracture, one of the most
complex and unstable fracture patterns. Demonstrating
the effectiveness of GD-based patient-specific bone plates
in such a demanding case indicates that the approach is

not confined to a single fracture type. Instead, it has the
potential to be adapted for a broader range of fractures
and anatomical regions. With further validation, the GD
workflow could provide a flexible and scalable framework
for customized implant design, thereby broadening
the clinical application of patient-specific solutions in
orthopedic surgery.
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