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Abstract

Patellar fractures, especially transverse and comminuted types, often present
mechanical challenges that exceed the capabilities of conventional fixation
constructs. This study develops a topology-optimized metal three-dimensional-
printed dual-compression patellar plate designed to improve fragment stability
while maintaining appropriate intraoperative rigidity. The plate design was first
refined using an original anatomically assembled thin bone plate, which underwent
finite element analysis and topology optimization to preserve primary load-bearing
paths and reduce excessive stiffness. The optimized structure was subsequently
fabricated using selective laser melting with Ti-6Al-4V and mechanically evaluated
in accordance with American Society for Testing and Materials F382 standards.
Static four-point bending tests demonstrated a proof load (P) of 257.31 + 5.40 N and
structural bending stiffness of 1.10 + 0.01 N-m”. Fatigue testing revealed runout at
15% P, while failure occurred at higher load levels (25% P & 30% P), revealing two
distinct modes: plate fracture at topology-optimized transition zones and locking-
screw shear failure. Static tensile testing revealed that dual-compression fixation
significantly (p<0.05) enhanced load-bearing capacity compared with single-
compression fixation for both C1 (712 N vs. 517.5 N) and C3 (253.75 N vs. 205.25
N) fracture models. Dynamic knee-extension testing demonstrated that dual
compression markedly reduced medial-lateral fracture micromotion, decreasing
C3 gaps from 0.348-0.534 mm to 0.078-0.107 mm without increasing quadriceps
reaction force. Overall, the topology-optimized dual-compression patellar plate
provides mechanically validated interfragmentary stability, effective micromotion
control, and a well-defined fatigue performance envelope, supporting its potential
as an advanced fixation solution for clinically challenging patellar fractures.

Keyword: Biomechanics; Dynamic tests; Four-point bending; Patella;
Three-dimensional printing
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1. Introduction

Patellar fractures account for approximately 0.5-1.5% of
all fractures, primarily caused by direct impact or forceful
quadriceps contraction.'"® Integrity of the patella is crucial
for knee stability and lower limb movement due to its
location at the lever center of the knee extensor system.
Additionally, it plays a crucial role in transmitting pressure
and tension between the quadriceps and patellar tendon.'*
Although traditional tension band wiring fixation can
withstand tensile stress, it struggles to provide sustained
and effective compression across the fracture interface.
Bone fragment displacement, implant loosening, and
subcutaneous irritation are common problems, with
implant removal rates as high as 65%, demonstrating
its inadequate mechanical control for dynamic
compression stabilization.*'®

To enhance fixation stability, anterior locking plates
have been increasingly adopted in clinical patellar
reconstruction. This design provides direct anterior
locking and compressive fixation'*-*; however, given that
the anterior surface of the patella has a highly complex
curvature with substantial inter-individual variation,
commercially available plates often require repeated
intraoperative bending, fine-tuning, and locking by the
surgeon to achieve proper conformity. In addition, the
precision of conventional computer numerical control
machining is limited when producing plates with multi-
curvature surfaces, thin walls, or multi-axial screw
trajectories, making fabrication challenging and costly
and ultimately restricting the conformity and clinical
operability of these implants.”** Consequently, metal
three-dimensional (3D) printing has emerged as an ideal
solution, enabling accurate reconstruction of the patellar
surface while integrating complex multi-functional
design features.

An anatomically assembled thin bone plate (AATBP)
fabricated using 3D printing has been proposed to
improve the biomechanical performance of complex
patellar fractures.”** This plate incorporates a double-
hook embracing structure and a ratchet-type height-
adjustment mechanism, enabling adjustable fixation length
based on patellar size and providing active compression.
Finite element (FE) analysis and dynamic fatigue testing
demonstrated that the AATBP obviously reduces fracture
gap and bone stress while maintaining excellent stability
under repeated loading. However, despite the use of 3D
printing technology, the structural stiffness of the AATBP
remains excessively high. Although this design offers strong
operational stability, it limits implant light weighting and
restricts flexible intraoperative adjustments. Therefore, the
present study refines the previous design by introducing

a topology-optimized, lightweight framework that reduces
stiffness while preserving moderate elasticity and adaptive
curvature, thereby improving clinical operability and
achieving a balance between rigidity and adjustability.

Furthermore, clinical observations suggest that for
patellar fractures located proximally in a transverse pattern
or those that are highly comminuted,'*® relying solely
on circumferential compression from the proximal and
distal hooks, together with anterior screw fixation, may be
insufficient. This limitation can result in displacement of
the proximal fragment and uneven interfacial pressure. To
address this mechanical deficiency, this study introduces
a dual-compression design concept. Two micro distal-
oriented fixation screws are incorporated into the proximal
hook of the original AATBP. These screws extend distally
to create a local bi-axial compression path. This design
simultaneously generates downward pressure and inward
clamping force, providing both circumferential and
penetrating dual compression, thereby improving proximal
fragment stability and shear resistance, particularly for
proximal transverse and comminuted fracture patterns.

This study investigates the 3D-printed fabrication of a
novel lightweight patellar fixation plate. Functional four-
point bending static and fatigue tests were conducted to
evaluate the structural rigidity, bending strength, and
fatigue durability of the plate in accordance with the Food
and Drug Administration (FDA) regulations and American
Society for Testing and Materials (ASTM) F382 standards.*
In parallel, the load-bearing capacity of proximal transverse
and comminuted fractures within acceptable bone-
healing gaps was evaluated under single-circumferential
compression fixation and dual-compression fixation.
Additionally, a biomechanical dynamic testing platform
was utilized to replicate the repetitive loading conditions
encountered during clinical knee extension. Dynamic
fatigue tests were conducted to assess changes in fracture
displacement and maximum reactive force under different
fixation strategies, thereby determining the mechanical
feasibility of the dual-compression patellar fixation plate.

2. Materials and methods

2.1. Novel bone plate design concept and finite
element analysis

The novel 3D-printed patellar fixation plate is an extension
and refinement of a previously published AATBP**
incorporating structural modifications based on the
requirements of structural optimization and addressing
unmet clinical needs for compression fixation. The AATBP
was reconstructed using clinical patellar computed
tomography morphology and features a modular
configuration consisting of a proximal plate and a distal
plate. These components were connected through a
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ratchet-type compression adjuster, which allowed overall
height adjustment according to patellar size. A dual-hook
wrapping mechanism was included at both the proximal
and distal ends to achieve circumferential coverage of
the fracture margins and prevent slippage. The overall
plate thickness was controlled at 1.6 mm to minimize
subcutaneous irritation, and 0.6-mm-high conical bumps
were incorporated on the posterior surface to enhance
bone-implant friction and stability (Figure 1A).

The previously constructed computer-aided design
(CAD) model of the patellar C3 comminuted fracture
fixation AATBP and the associated ligaments/tendons were
imported into ANSYS Workbench (version 22, Swanson
Analysis, United States of America [USA]) for FE analysis.
This analysis aimed to evaluate the mechanical behavior
of the fixation under a standardized tensile loading
condition. A quadratic 10-node tetrahedral solid element
was used for meshing, resulting in 38,991 elements and
70,742 nodes (Figure 1A). To simulate contact behavior
between bone-bone interfaces (fracture surfaces, friction
coefficient = 0.45) and between the AATBP and bone
(friction coeflicient = 0.3), frictional contact elements
reported in the literature were adopted. Cortical bone,
cancellous bone, tendons, the AATBP, and fixation screws
were all modeled as linear elastic and isotropic materials
according to relevant literature.***>*"* The proximal (basal)
nodes of the quadriceps tendon were fully constrained in
all directions as boundary conditions. A tensile load of 150
N was applied along the longitudinal axis of the patellar
tendon to simulate biomechanical testing conditions
(Figure 1A).

Topology optimization was integrated with FE analysis
to optimize the proximal plate structure.”” The objective
was to minimize compliance, i.e., maximize stiffness,
while satisfying a 70% volume-retention constraint. This
optimization aimed to achieve light weighting while
maintaining an optimal distribution of structural material.
The resulting topology maps indicated regions suitable for
material removal, which were subsequently reconstructed
in the CAD environment using SpaceClaim (version 22,
Swanson Analysis, USA). Lateral wing structures were
added to accommodate clinical micro-adjustments,
allowing minor intraoperative shaping to match individual
patellar curvatures on both sides (Figure 1A & B).

To provide proximal circumferential compression
and alignment, holes were designed on both sides of the
proximal plate at the hook platform locations, along the
proximal-distal direction, to accommodate a locking
screw (2.0 mm diameter, 17 mm length). The screw
features continuous threading to lock its head into the hook
platform, forming a dual-compression fixation pathway
together with the screw originally inserted through the

anterior curved surface of the plate. This mechanism
provides dual-compression fixation for proximal transverse
and comminuted fractures, thereby enhancing the overall
stability of patellar fracture repair (Figure 2A).

The optimized plate was also evaluated via FE
analysis using a C3 comminuted patellar fracture model,
representing a clinically severe scenario, under identical
loading and boundary conditions as the original AATBP.
The optimized plate mesh model consisted of 110,855
elements and 159,971 nodes (Figure 1B). Bone maximum
principal stress and plate von Mises stress were compared
to evaluate differences in mechanical performance between
the AATBP and the optimized plate.

2.2. Manufacturing of bone plate

The novel dual-compressive lightweight patellar bone
plate was fabricated using metal 3D printing (additive
manufacturing) technology. The components were
produced using a selective laser melting (SLM) system,
specifically the EOS M290 (EOS GmbH, Germany).
The printing material used was a commercially available
medical-grade Ti-6Al-4V alloy powder. Its chemical
composition included titanium (balance), aluminum (5.5~
6.5 wt%), vanadium (3.5-4.5 wt%), and controlled trace
impurities such as oxygen (<0.13 wt%), carbon (<0.08 wt%),
and nitrogen (<0.05 wt%). The particle size distribution
ranged from 15 to 53 pm, meeting standard specifications
for medical-grade powder bed fusion processing.”” The
SLM process employs a high-energy laser to selectively melt
and solidify powder bed layers, enabling the fabrication
of complex geometries and curved structures with high
precision—an advantage particularly suited for orthopedic
implants that require strict shape conformity.

For the manufacturing parameters, the laser power
was set to 400 W, the scanning speed to 0.6 m/s, and the
exposure time to 125 ps.***?* A layer thickness of 90 pm
and a hatch spacing of 30 um were selected to enhance
component resolution and ensure dimensional stability.
The overall manufacturing tolerance was controlled to
approximately 30 um. To minimize deformation caused
by thermal accumulation, each plate was oriented along
the edge of the patella contour, ensuring greater forming
stability throughout the build process.

Post-processing was performed to improve surface
quality after SLM fabrication. First, burrs were removed
by hand, and then the surface was polished with a
magnetic polishing system. The polishing medium
consisted of stainless-steel pins (1 mm diameter, 3 mm
length) that were operated at 2700 rpm. Residual powder
and metallic debris were subsequently removed by
ultrasonic cleaning, ensuring that surface cleanliness met
clinical requirements.***>*
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Figure 1. Topology-optimized and FE analysis of new plate. (A) Topology-optimized redesign of the proximal plate. The original anatomically assembled
thin bone plate (AATBP) (i) computer-aided design (CAD) model and (ii) finite element (FE) mesh model are shown alongside the topology map, which
indicates material retention and removal zones. (iii) The right part showed that critical load-bearing regions were preserved, and low-stress material
was removed. (B) (i) Both lateral wing structures were added to accommodate minor intraoperative shaping. (ii) CAD and (iii) FE mesh models of the
optimized plate, respectively. (C) (i) Bone principal stress patterns for AATBP and (ii) optimized plate, and corresponding maximum stress values. Plate
von Mises stress patterns for (iii) AATBP and (iv) optimized plate, and corresponding maximum stress values.

Volume 12 Issue 1 (2026) 692 doi: 10.36922/1JB025480494


https://doi.org/10.36922/IJB025480494

International Journal of BIOprlntlng Topology-optimized dual-compression patellar plate

A Micro distal-oriented |
press-fix screws ':7 *
' ’
Anatomical
contour
Ratchet
0.4 mm
o Bone compressive \ y
screw holes \\\%\‘ K
% Cone bump
Angle hook
1.6 mm
Bone locking screw/hole
Band wire holes
= 38-50 mm
B

Mini screw

Figure 2. CAD and physical mode of the new patellar plate. (A) Final structural design of the topology-optimized patellar plate, featuring micro distal-
oriented screws, ratchet adjustment mechanism, proximal and distal hooks, bone-contact cone bumps, and designated screw/wire holes. (B) Metal three-
dimensional-printed components of the dual-compression patellar plate produced using selective laser melting.
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To achieve the high geometric accuracy required for
screw and wire holes, these features were not formed
directly during the 3D printing process. Instead, their
positions were predefined during the build and later
finished by computer numerical control machining.
This approach enabled the hole diameter tolerance to be
maintained within 0.02 mm, ensuring compatibility with
standard clinical screws. All of the holes were within
clinically acceptable error limits (Figure 2B). This hybrid
additive-subtractive manufacturing strategy combines the
geometric freedom of 3D printing with the precision of
conventional machining, resulting in a patellar plate that
meets the functional and reliability standards required for
clinical implantation.

2.3. Static and dynamic four-point bending tests of
patellar plates

To provide a comprehensive mechanical reference for
patellar plates used in skeletal fixation, static and dynamic
four-point bending tests were conducted on the novel
dual-compression lightweight patellar plate using an
Instron 3000 testing machine (INSTRON, USA). The tests
followed the ASTM F382-17 standard to evaluate bending
stiffness, structural bending stiffness, bending strength,
and fatigue strength.”

Since the patellar plate was a short and asymmetrical
anatomical plate, it does not satisfy the standard roller-
placement configuration specified in the regulation.
Therefore, an alternative test setup was developed using
rigid extension segments to effectively lengthen the
plate and meet the geometric requirements of the four-
point bending test. The patellar plate was secured to the
customized extension segments at both ends using screws
(Figure 3A). The extension segments were designed to
avoid interfering with the actual deformation of the plate
during bending. Both pairs of loading rollers and support
rollers contacted only the extension segments rather than
the plate itself, ensuring that the central region of the
plate remained within the pure bending zone. In the test
configuration, the span between the two loading rollers
was set to a = 40 mm, and the distance between each
loading roller and its adjacent support roller (loading
span) was set to & = 40 mm, resulting in a total support
span of 120 mm, consistent with the four-point bending
geometry defined by ASTM F382. The roller diameter was
6 mm (Figure 3B).

Static testing was performed on three samples using
a four-point bending fixture, with loading applied at a
displacement rate of 0.05 mm/s until failure. For each test,
the proof load (P), bending stiffness (K), and structural
bending stiffness (EI) were calculated according to the
standard, and the failure mode of each specimen was

documented. The P was defined as the load corresponding
to a 0.2% deviation from the linear region of the load-
displacement curve, and the K was obtained from the slope
of the linear portion of the load-displacement curve. The
EI, was calculated from the geometry of the four-point
bending setup as shown in Equation (1).

- (2K’ +3ha)Kh?

¢ 12 (1

Fatigue testing was conducted based on the P obtained
from the static tests. Three maximum load levels were
selected: 30% P, 25% P, and 15% P. Three specimens
were tested at each load level. A sinusoidal cyclic load
was applied at a constant frequency of 5 Hz, with the
stress ratio (R-ratio) set to 0.1 (i.e., the minimum bending
moment was 10% of the maximum). Each specimen was
subjected to cyclic bending from initial loading until either
an obvious fracture occurred or the cumulative cycle
count reached 1 x 10° (runout), at which point the test was
terminated. For each specimen, the maximum bending
moment, termination cycle count, and failure mode and
location were recorded to construct the moment-life
(M-N) relationship.

2.4. Biomechanical static and dynamic tests

Common transverse patellar fractures (Arbeitsgemeinschaft
fir Osteosynthesefragen (AO) classification: 34-Cl,
denoted as C1) and complex comminuted five-part patellar
fractures (AO classification: 34-C3, denoted as C3)**** were
selected as the test models. A 3D CAD model of the patella
was reconstructed from skeletal computed tomography
images. The model was simplified and segmented in
CAD software (PTC Creo V6.0; PTC, USA) to simulate
the two fracture types, leaving a passage for a 25-mm-
wide polyester tension-band loop that simulated the
quadriceps and patellar tendons (Figure 4A). Fabrication
was performed using a 3D printer (Dimension 1200es
SST; Stratasys, USA) with acrylonitrile-butadiene-styrene
(ABS) copolymer (ABS-P430; Stratasys, USA) as the
material. The novel dual-compression lightweight patellar
plate could be adjusted via a ratchet mechanism to match
the printed patellar height (approximately 40.0 mm).
Fracture fragments were secured using corresponding
hooks that passed through the straps. Before final fixation,
the curvature of the plate was manually adjusted to match
the anterior patellar surface as closely as possible. For
Cl and C3 fractures, 2.4 x 12-mm locking screws (A
Plus Biotechnology Co., Ltd., Taiwan) were inserted into
the proximal plate. For dual-compression specimens, an
additional locking screw was inserted on each side of the
hook platform on the proximal plate. The screws were
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Figure 3. ASTM F-382 four-point bending testing. (A) Custom-designed extension plates used to satisfy American Society for Testing and Materials
F382 standard four-point bending test geometry, enabling proper roller placement and establishing a pure bending region. (B) Four-point bending test
setup showing applied forces, moment equilibrium calculations, loading span (h = 40 mm), total support span (120 mm), and the static proof-load

determination (257.31 N).

evenly distributed with lateral symmetry to stabilize the
fractured patella and effectively bypass the fracture gap
(Figure 4B).

Static tensile failure tests were first conducted on
both fracture types (C1 & C3) using single- and dual-
compression fixation configurations. Three specimens
were prepared for each test condition. Polyester tension
bands simulating the quadriceps and patellar tendons at
the proximal and distal ends were clamped to the upper and
lower grips of the testing machine, respectively, ensuring
the specimen’s alignment and the loading direction. A

measuring ruler was placed beside the specimen and
parallel to the tension band to record crack opening on
the medial and lateral sides after loading. The proximal
tension band was then pulled upward at a rate of 3 mm/
min until the medial or lateral crack opening exceeded
2 mm, at which point loading was stopped (Figure 4A).
After removal, the medial and lateral crack openings were
measured again using digital vernier calipers.

Twelve additional specimens were prepared for
dynamic biomechanical testing, corresponding to two
patellar fracture types and two fixation configurations
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Figure 4. Static failure testing. (A) Computer-aided design-based reconstruction of C1 transverse and C3 comminuted patellar fractures and fabrication
using acrylonitrile-butadiene-styrene three-dimensional printing. (B) Single and dual compression fixation configurations before static tensile loading for
C1 fractures, showing specimen preparation. (C) Single and dual compression fixation configurations before static tensile loading for C3 fractures, showing
specimen preparation. One sample exhibited a different color; however, the material composition was identical and did not affect the experimental results.
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(single- and dual-compression) (n = 3 per group). All
specimens were vertically clamped on the biomechanical
testing platform previously developed by Liao et al** to
simulate knee flexion at 90°. A femoral condyle model
fabricated using ABS material via 3D printing served as the
fulcrum, and a preload of 20 N was applied to ensure that
the tension-band loop was fully stretched until the force-
displacement curve entered the linear region (Figure 5A).

During dynamic testing, tensile loading was applied
through polyester tension-band loops attached to the
proximal end (quadriceps tendon) and distal end (patellar
tendon). A vertical downward load of 15 kg (approximately
150 N) was added to simulate knee motion from 90° flexion
to full extension at 0° (Figure 5A). Each cyclic loading test
simulated the patellofemoral contact trajectory from 90°
flexion (0 mm stroke) to 0° extension (50 mm stroke) at
a constant speed of 5 mm/s. All specimens underwent
300 loading cycles, each controlled by a 50-mm position
stroke. The relationship between quadriceps tendon force
and flexion-extension displacement, measured using a
force sensor, was recorded and plotted for each loading
cycle (Figure 5A). Additionally, the fracture gap at the
medial and lateral borders of each patella was measured
using digital calipers before and after the final test cycle.

2.5. Statistical analysis

All recorded data in this study were organized and
processed using Microsoft Excel (Microsoft 365, 2023;
Microsoft, USA). Statistical comparisons among the five
groups were performed using the Kruskal-Wallis test, due
to the small sample size and non-normal data distribution,
with analyses conducted using the Statistical Package for
the Social Sciences software (version 22; IBM, USA).

3. Results

Figure 1A illustrates the geometric adjustments to material
retention and removal based on the topology optimization
results. Critical load-bearing regions were reinforced,
while low-stress regions were removed. Lateral wing
structures were added on both sides to accommodate
minor intraoperative shaping, thereby completing the
reconstruction and optimizing the implant design
(Figure 1B). Figure 1C shows a comparison of FE
analysis between AATBP and the new optimized plate,
demonstrating that the maximum principal stress in the
patella decreased from 91.7 MPa in the AATBP to 57.2
MPa in the new plate, indicating reduced stress transfer
to the bone and a lower risk of secondary fracture or
fixation failure. The plate’s maximum equivalent stress also
decreased from 1231.1 to 943.4 MPa, accompanied by a
more uniform stress distribution. In contrast, the original

AATBP exhibited a pronounced stress concentration in the
central bridge region.

Figure 2A shows the final implant, redesigned according
to the topology optimization results and manufactured
using metal 3D printing. A locking screw can be inserted
into the hook-platform region on both sides of the proximal
plate, forming a “dual-compression” fixation pathway
together with the screw originally inserted through the
anterior plate surface. The right-side image of Figure 2B
displays the actual screw-implantation configuration,
confirming that no interference occurs between the newly
added guide-screw hole and the original screw path,
ensuring clinical feasibility and surgical convenience.
The original AATBP structure weighed approximately
6 g, while the optimized bone plate weighed about 4.5 g,
representing a reduction of roughly 25% (Figure 2B).

Figure 6Ai illustrates the load-displacement curve of
the static four-point bending testing. The results showed
that the mean (standard deviation) values of P, K, and
EI were 257.3145.40 N, 5.15+0.11 N/mm, and 1.10+0.01
N-m? respectively. The M-N curve from the dynamic
fatigue four-point bending test is presented in Figure 6Aii.
The results indicate that the plate cannot withstand one
million loading cycles and fails under both 30% P and 25%
P load levels (three specimens per group). Table 1 lists the
relevant values. Figure 6B shows the appearance of the
specimen after static testing. Figure 6C shows the fatigue—
fajlure fracture morphology. Two failure modes were
identified: Type I, characterized by an obvious fracture
of the plate, and Type II, characterized by screw fracture
without visible damage to the plate. The failure conditions
of each specimen are summarized in Table 1.

Static biomechanical failure testing showed that, for
both fracture types (C1 & C3), the dual-compression
fixation method resulted in meaningfully higher failure
loads—defined as a 2-mm increase in medial and lateral
fracture-gap opening—than the single-compression
method (Figure 7A). For both fracture types (C1 & C3), the
higher failure-load values represent the dual-compression
fixation method, and the lower values represent the
single-compression method, reported as mean + standard
deviation. Specifically, for C1, the dual- and single-
compression fajlure loads were 712 + 31.51 N and 517.5
+ 29.05 N, respectively; for C3, the corresponding values
were 253.75 + 6.34 N and 205.25 + 4.59 N (Figure 7B).

Dynamic biomechanical testing demonstrated that
the maximum quadriceps-reaction force for all simulated
conditions (Figure 5A) occurred within an extension-angle
range of 62-66°. The average forces (mean * standard
deviation) for single- and dual-compression fixation were
293.92+38.4 N / 292+2.82 N for Cl and 262.13+£22.63
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Figure 5. Dynamic test and results (A) Dynamic knee-extension biomechanical testing setup. Patella specimens were mounted at 90° knee flexion, and
the femoral condyle model served as the fulcrum. The 50-mm stroke simulated patellofemoral motion from 90° flexion to 0° extension. (B) Quadriceps
reaction forces for C1 and C3 fracture models under single- and dual-compression fixation, showing similar peak force ranges (62°-66° extension).
(C) Interfragmentary gap measurements on medial and lateral fracture borders before and after dynamic loading, demonstrating significantly reduced
micromotion under dual-compression fixation.
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Table 1. Fatigue test results under different percentages of proof load

Sample Percentage of proof load Range of load (N) Number of cyclic loads Failure mode
4 30% 9.74-97.43 243,659 Typel

5 30% 9.74-97.43 19,770 Type I

6 30% 9.74-97.43 169,694 Type I

7 25% 8.12-81.19 666,352 Type I

8 25% 8.12-81.19 254,874 Typel

9 25% 8.12-81.19 690,677 Type I

10 15% 4.87-48.72 1,000,000 Pass

11 15% 4.87-48.72 1,000,000 Pass

12 15% 4.87-48.72 1,000,000 Pass

N / 263+22.9 N for C3 (Figure 5B), with no statistically
significant differences (p>0.05).

Regarding interfragmentary gap measurements, both
C1 and C3 fractures showed markedly smaller medial and
lateral gap openings under dual-compression fixation than
under single-compression fixation, and this improvement
was statistically significant (p<0.05). For C1, the medial/
lateral gaps under single vs. dual compression were 0.07
mm/0.067 mm (average 0.0685 mm) and 0.021 mm/0.016
mm (average 0.018 mm), respectively. The corresponding
gaps for C3 were 0.348 mm/0.534 mm (average 0.441
mm) and 0.078 mm/0.107 mm (average 0.0925 mm)
(Figure 5C). Additionally, C1 consistently exhibited
smaller medial and lateral gaps than C3, regardless of the
fixation configuration.

4, Discussion

This study reconfigured the material distribution of the
anterior patellar plate through topology optimization
to address the excessive stiffness of the original AATBP
while preserving the structural integrity required for
patellar fixation. The primary objective was to allow
slight intraoperative bending without compromising the
essential load-bearing framework. By applying a topology
optimization algorithm constrained by a 70% volume
fraction, material was preferentially retained along the
primary tension and compression transmission paths in the
bending core region, while low-stress peripheral material
was removed to reduce overall stiffness and weight.

The 70% volume constraint was not arbitrarily selected;
instead, it was determined based on convergence behavior
and clinical design constraints. Since the original AATBP
includes predetermined screw holes at fixed clinical
positions, excessive material removal around these regions
led to numerical instability and unrealistic geometries. An
initial optimization attempt with 60% volume retention

failed to converge, likely due to insufficient load-transfer
pathways surrounding the constrained screw-hole regions.
In contrast, stable convergence was achieved at a 70%
volume retention rate, which was therefore selected as the
lowest feasible and convergent constraint.

As a result, the plate mass was reduced from
approximately 6.0 g for the original AATBP to 4.5 g for the
optimized design, representing a 25% reduction in weight.
In addition, lateral wing structures were incorporated
to form locally thin-walled regions, enabling minor
surgical contouring while maintaining the mechanical
integrity of the core load-bearing region. Under identical
loading and boundary conditions, FE analysis using a C3
comminuted patellar fracture model further demonstrated
the mechanical advantages of the optimized design
compared with the original AATBP. The maximum
principal stress in the patella decreased from 91.7 MPa to
57.2 MPa, indicating reduced stress transfer to the bone
and a lower risk of secondary fracture or fixation failure.
The maximum equivalent stress in the plate also decreased
from 1,231.1 MPa to 943.4 MPa, accompanied by a more
uniform stress distribution, whereas the original AATBP
exhibited pronounced stress concentration in the central
bridge region. Collectively, these results confirm that
the optimized AATBP achieved a 25% weight reduction
while maintaining—and in some aspects improving—its
mechanical performance, thereby supporting the core
claim that the plate can be lightened without compromising
structural stability.

Regarding the concept of proximal enhanced
compression, this study proposed a reinforced dual-
compression mechanism to enhance shear control and
fragment coaptation. Two miniature locking screws were
therefore added to the proximal hook platform. The
compressive force generated by these screws provides
additional axial compression and inward clamping on
the proximal fragments, reducing the likelihood of
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Figure 6. Results of four-point bending test. (A) Load-displacement curves and S-N (moment-life) fatigue curves from ASTM F382 testing. The plate
failed before 1 x 10° cycles at 25% proof load and 30% proof load. (B) Static bending deformation patterns for three specimens, compared with the
undeformed plate prior to testing. (C) Two fatigue-failure modes: (i) Type I—fracture of the plate at the topology-optimized transition zone; (ii) Type
II—locking-screw fracture without visible plate damage.
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Figure 7. Results of dynamic biomechanical test. (A) Static tensile failure patterns for C1 and C3 fractures under single- and dual-compression fixation,
showing medial and lateral gap openings at the 2-mm failure criterion. Some samples exhibited different colors; however, the material composition was
identical and did not affect the experimental results. (B) Failure loads for C1 and C3 fractures, indicating significantly (*p<0.05) higher load-bearing
capacity with dual-compression fixation compared with single-compression fixation.

slippage or valgus displacement under tensile loading.
Static biomechanical tensile testing confirmed that, for
both C1 and C3 fractures, dual compression resulted in a
substantially higher failure load than single compression.

Dynamic knee-extension testing further demonstrated
that dual compression significantly reduced micromotion
at the fracture interface during functional loading. Using
a dynamic platform capable of reproducing patellar
sliding, rotation, and tension changed from 90° to 0° of
knee extension, deformation across the medial and lateral
fracture lines was quantified. The results showed that

dual compression produced markedly reduced fracture-
gap opening with improved bilateral symmetry; in C3
fractures, the gap decreased dramatically from 0.348-
0.534 mm to 0.078-0.107 mm for the medial-lateral side.
Literature indicates that maintaining interfragmentary
micromotion within 0.2-1.0 mm provides a mechanically
favorable environment for endochondral ossification and
promotes stable bone healing.’**' Therefore, the dual-
compression design demonstrated in this study provides
an effective strategy for improving the biological healing
environment without increasing quadriceps reaction
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forces, confirming that the construct does not impose
excessive mechanical constraint.

In this study, a comprehensive dynamic biomechanical
comparison was further conducted among the topology-
optimized single- and dual-compression plates, the
previous AATBP design, and a commercially inspired
anterior plate (ASP).” In terms of quadriceps reaction
force, ASP exhibited the highest peak values in both C1
and C3 fracture models (334.5 N & 260.6 N, respectively),
indicating the least stable force transmission behavior. In
contrast, the AATBP demonstrated the lowest reaction
forces (238.1 N for C1 & 198.3 N for C3), reflecting its
high structural stiffness and eflicient load transmission.
The topology-optimized plates showed intermediate
reaction forces between ASP and AATBP, with peak
values of 293.92 N and 262.13 N for the single- and dual-
compression configurations in C1 fractures, and 292
N and 263 N, respectively, in C3 fractures. These values
were significantly (p<0.05) higher than those of AATBP
(C1: p = 0.045/0.010; C3: p = 0.006/0.006), indicating a
redistribution of load-sharing pathways rather than a
reduction in fixation capability.

Unlike quadriceps reaction force, fracture gap
displacement represents a more direct and clinically
relevant indicator of fixation stability. As summarized in
Table 2, C1 fractures showed a progressive reduction in
average fracture gap in the order of ASP, AATBDP, single-
compression, and dual-compression fixation, with the dual-
compression design achieving the smallest gap (0.018 mm)
and thus the highest stability among all configurations.
In C3 comminuted fractures, the AATBP exhibited an
extremely small fracture gap (0.0274 mm), which can
be attributed to its inherently high structural stiffness.

However, even under these highly unstable and clinically
challenging conditions, the topology-optimized dual-
compression design limited fracture gap displacement to
only 0.0925 mm, representing a substantial improvement
compared with the ASP plate (1.93 mm). These findings
demonstrate that the dual-compression configuration
provides superior fragment control and shear stability
relative to the commercial reference. Overall, this direct
comparison confirms that the topology-optimized dual-
compression plate not only advances the structural design
beyond the previous AATBP but also delivers superior
biomechanical fixation performance in fracture scenarios
associated with the greatest clinical instability.

Four-point bending static and fatigue tests revealed that,
although the plate structure still exhibited localized high-
stress concentration, its overall mechanical performance
satisfied baseline safety requirements. According to the
ASTM F382 results, the static P, K, and EI all met the
criteria for metallic bone plates. Under cyclic loading, the
plate successfully withstood more than one million cycles
without failure at 15% P, meeting FDA fatigue performance
requirements for long-term use. However, the plate failed
to reach one million cycles at higher load levels of 25% P
and 30% P. According to the standard, failure includes not
only a complete fracture but also visible crack formation
or excessive displacement. Therefore, in our study, any
noticeable cracking of the plate or screw was considered a
failure to meet the 1x10° cycle requirement at that load level.
Two distinct failure modes were found for all samples. Type
I failure was characterized by fatigue crack initiation in the
proximal-central transition region, where the topology-
optimized material removal ratio was relatively high,
suggesting that the local section modulus and effective EI,
in this area remained insufficient. Type II failure involved

Table 2. Comparison of medial and lateral fracture gap displacement in C1 and C3 fractures

Fracture Image ASP AATBP Single fixation Dual fixation

Cl1 L 1.233+0.641/0.949+0.917  0.257+0.33/0.110+0.156 0.07+0.0081/0.067+0.0072 0.02+0.0015/0.016+0.0032
) o
( ‘

Average 1.091 0.2935 0.0685 0.018

C3 T~ 1.697+0.66/2.163+1.03 0.002+0.221/0.025+0.414  0.348+0.0249/0.519+0.0604  0.078+0.0098/0.107+0.0061
/ N
| 1

Average 1.93 0.4335 0.0925

Note: All data are presented as mean +standard deviation of medial/lateral components. C1 fracture: ASP>AATBP>Single>Dual; C3 fracture:

ASP>Single>Dual>AATBP.

Abbreviations: AATBP, anatomically assembled thin bone plate; ASP, commercially inspired anterior plate.
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fracture of the locking screw due to excessive shear loading,
indicating that load transfer between the plate and screws
was not yet optimally balanced.

The observed fatigue behavior can be attributed to
both structural and material factors. Although topology
optimization effectively reduces weight by removing
material from low-stress regions, it may also introduce
stress risers around screw holes and locally thinned
sections that reach fatigue limits earlier under high
cyclic loads. In addition, the metal 3D-printed Ti-6Al-
4V plates in this study did not undergo post-processing
treatments such as hot isostatic pressing or annealing,
which are known to reduce internal porosity and improve
fatigue resistance. Consequently, the fatigue performance
at higher load levels is expected to be lower than that of
wrought or post-processed components, as reported in
previous studies of additively manufactured implants.
From a clinical perspective, the 15% P condition represents
a conservative estimate of long-term postoperative loading
under appropriate rehabilitation protocols, whereas the
25% P and 30% P conditions serve as stress—test scenarios,
reflecting unexpected or extreme loading events, such as
noncompliance, accidental falls, or high patient activity.
These findings not only clarify the fatigue performance
envelope of the current design but also provide clear
directions for next-generation optimization, including
reinforcing the proximal-central transition region,
thickening selected struts, and redesigning screw-hole
geometry to reduce stress concentration and enhance
fatigue durability.

Itis worth noting that the ASTM F382 testing completed
in this study is not only scientifically meaningful but also
represents a key milestone for future commercialization.
Patellar fixation plates are classified as Class II medical
devices, which do not require animal implantation studies
but must pass the four-point bending static and fatigue
tests specified in ASTM F382 to demonstrate adequate
safety under functional loading conditions. In the static
four-point bending test, the P was 257.31 N (y-direction).
Using the left load application point as the fulcrum and
applying the principle of moment equilibrium, F,
257.31/2 N, therefore:

128.655 N x 40 mm = F x 8 mm 2)

the reaction force at the fulcrum was calculated to be
approximately 618.275 N (x-direction: F) (Figure 3B).
This value exceeds the 517.5 N required in biomechanical
tensile testing to produce an interfragmentary gap of more
than 2 mm, thereby confirming that the plate provides
sufficient structural strength. Furthermore, the test results

provide comprehensive data on K, EI, fatigue life, and
failure modes, all of which serve as important technical
references for the FDA’s safety evaluation. These data also
offer objective benchmarks for comparison with existing
commercially available patellar fixation plates.

The use of ABS 3D-printed patellar models for
biomechanical testing was motivated by the advancement of
3D printing technology; consequently, many biomechanical
studies now employ 3D-printed bone analogs to evaluate
trend-level mechanical differences under highly controlled
conditions.”>” The primary advantage of this approach is
the ability to maintain identical geometry and material
properties across specimens, thereby minimizing biological
variability that could otherwise obscure fixation-related
effects. Consistent with this rationale, the ABS 3D-printed
patellae used in this study were not intended to replicate the
absolute mechanical behavior of real bone. Instead, they
were selected to provide a highly uniform testing substrate,
ensuring that differences in fixation design (e.g., C1 vs.
C3, single vs. dual compression) constituted the dominant
source of mechanical variation. In contrast, natural
patellae exhibit substantial inter-individual variability
in cortical thickness and cancellous bone density, which
could introduce experimental noise exceeding the true
mechanical effects of the fixation constructs and thereby
reduce the statistical power of between-group comparisons.

Although the elastic modulus and fracture toughness
of ABS differ from those of human cortical and cancellous
bone and may affect the absolute magnitudes of fracture
gap or micromotion, all specimens in this study were
fabricated using identical ABS material, printing
parameters, and density, ensuring that relative mechanical
differences and trends between fixation designs remain
valid. To further verify the physiological relevance of
these trends, an additional FE analysis using human
bone material properties was performed for the single-
fixation configuration, demonstrating that the optimized
plate exhibited a larger average fracture gap (0.207 mm)
than the AATBP (0.187 mm), consistent with the ABS
experimental results.

The dynamic testing platform used in this study is
a well-established and validated model for comparative
patellar biomechanics. The applied 150 N compressive
load and single-plane sliding trajectory were adapted from
widely accepted protocols in the literature and have also
been validated in our previous studies.”** This setup was
intentionally designed to provide a highly standardized
and reproducible dynamic environment for comparing
the relative mechanical performance of different
fixation constructs, rather than to replicate the full 3D
patellofemoral motion.
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Although physiological patellofemoral mechanics
involve multi-directional loading, incorporating such
complexity would markedly reduce test repeatability and
increase inter-specimen variability. While a simplified
two-dimensional loading model may underestimate
absolute fracture gap magnitude, all constructs—including
both fracture types (C1 & C3) and fixation strategies
(single & dual compression)—were tested under identical
loading and kinematic conditions. This ensures that the
observed between-group differences remain valid and
reproducible. Future studies using cadaveric patellae
and whole-joint biomechanical models under more
physiologically representative 3D loading conditions are
warranted to further validate the clinical applicability of
the dual-compression design.

5. Conclusion

This study developed a topology-optimized, metal
3D-printed  dual-compression patellar plate and
demonstrated its mechanical feasibility. The optimized
design preserved key load-bearing paths while reducing
excessive stiffness, and the manufactured plate met ASTM
F382 static requirements with runout at 15% P in fatigue
testing. Two fatigue-failure modes—plate transition-zone
cracking and locking-screw fracture—were identified,
highlighting areas for structural reinforcement. Static
tensile and dynamic knee-extension tests further showed
that the dual-compression mechanism significantly
improved fragment stability and reduced interfragmentary
micromotion, especially in comminuted fractures, without
increasing quadriceps reaction force. Overall, the dual-
compression plate provides enhanced fixation stability and
effective micromotion control, supporting its potential as
an improved solution for challenging patellar fractures.
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