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Orthopedic plates are commonly used after osteotomies for temporary fixation of bones. Patient-specific plates
have recently emerged as a promising fixation device. However, it is unclear how various strategies used for the
design of such plates perform in comparison with each other. Here, we compare the biomechanical performance
of 3D printed patient-specific bone plates designed using conventional computer-aided design (CAD) techniques
with those designed with the help of topology optimization (TO) algorithms, focusing on cases involving slipped
capital femoral epiphysis (SCFE). We established a biomechanical testing protocol to experimentally assess the
performance of the designed plates while measuring the full-field strain using digital image correlation. We also
created an experimentally validated finite element model to analyze the performance of the plates under
physiologically relevant loading conditions. The results indicated that the TO construct exhibited higher ultimate
load and biomechanical performance as compared to the CAD construct, suggesting that TO is a viable approach
for the design of such patient-specific bone plates. The TO plate also distributed stress more evenly over the
screws, likely resulting in more durable constructs and improved anatomical conformity while reducing the risk
of screw and plate failure during cyclic loading. Although differences existed between finite element analysis and
experimental testing, this study demonstrated that finite element modelling can be used as a reliable method for
evaluating and optimizing plates for SCFE patients. In addition to enhancing the mechanical performance of
patient-specific fixation plates, the utilization of TO in plate design may also improve the surgical outcome and
decrease the recovery time by reducing the plate and incision sizes.

1. Introduction

Slipped capital femoral epiphysis (SCFE) is a prevalent hip disorder
in adolescents, where the growth plate, also known as physis, is dis-
rupted and the metaphysis, the part of the bone located next to the
growth plate, displaces in a posterior-inferior direction with respect to
the capital femoral epiphysis (i.e., femoral head) (Manoff et al., 2005;
Novais and Millis, 2012). Obesity, endocrine disorders, oblique physeal
growth, and increased femoral retroversion increase the risk of SCFE due
to either a weakening (endocrine) of the growth plate or an increased
mechanical stress on the growth plate (Perry et al., 2018; Herngren
et al., 2017; Wylie and Novais, 2019).
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In situ pinning is the first step in preventing SCFE progression in mild
cases. However, it has been linked to osteoarthritis later in life and does
not restore normal anatomy or relieve pain, particularly in severe SCFE
cases (Wylie and Novais, 2019). Corrective osteotomy surgery,
commonly intertrochanteric osteotomy, is performed on patients with
moderate SCFE. The proximal femur (i.e., femur head) and femur shaft
are realigned with a femoral head-neck osteotomy, then stabilized using
a fixation plate (Aronsson et al., 2006; Witbreuk et al., 2009). Inter-
trochanteric osteotomy restores hip motion and biomechanics while
reducing the risk of avascular necrosis (Loder et al., 2000). The surgery
is considered successful when the mobility and pain level of the patient
improve and no plate or screw failure occurs. The bone is expected to
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have adequately healed in six weeks, allowing for gradual hip loading.
One year after the surgery, the plate is usually removed as it is no longer
required for bone stability (Ma et al., 2017; Erickson et al., 2017).
However, reports indicate that plate failures do occur with 12.5% of
these failures reported within the first six weeks (Henderson et al.,
2011), with most plate failures occurring between three to six months
post-surgery (Henderson et al., 2011; Shibahara et al., 2002; Gutwald
et al., 2017). These late failures are usually related to non-union of the
bone after surgery.

In the field of orthopedic surgery, temporary fixation of bones
following osteotomy is achieved using commercially available plates of
standard size, which are bent to fit the bones as closely as possible.
However, standard plates are not always suitable for complex cases, and
a mismatch between the plate and bone can increase the risk of failure
after surgery (Fan et al., 2018; Chen et al., 2017; Dobbe et al., 2013;
Brouwer de Koning et al., 2023). Patient-specific plates offer a better
anatomical fit and reduce the risk of plate failure. These plates can be
designed using virtual surgical planning tools and computationally
enabled design methods, such as finite element analysis (FEA) and to-
pology optimization (TO) (Zadpoor, 2017; Van Kootwijk et al., 2022;
Chen et al., 2018; Wu et al., 2021; Mirzaali et al., 2022; van Kootwijk
et al., 2023), to optimize their shape, topology, and geometry, thereby
limiting the incision size, minimizing the risk of infection, and pro-
moting bone healing (Wang et al., 2017; Arnone et al., 2013; Mirzaali
et al., 2019, 2021, 2023). However, a smaller plate may also result in
lower stiffness and decreased stability, compromising its effectiveness in
supporting the affected area (Wang et al., 2017; Arnone et al., 2013). A
workflow that combines design optimization and computationa-
1/experimental testing is, therefore, required to facilitate the integration
of patient-specific plates into routine medical practice.

Despite some studies reporting the design workflow for patient-
specific femur fixation plates, there is a lack of research into their
biomechanical performance under physiological loading conditions
(Al-Tamimi et al., 2020). Moreover, while the mechanical properties of
non-customized fixation plates have been studied, there is limited
research into patient-specific bone plates for femur fixation and the
optimal parameters for efficient and stable fracture fixation (Arnone
et al., 2013; Stoffel et al., 2003).

In this study, we aimed to improve the biomechanical performance
of a patient-specific proximal femur fixation plate through the incor-
poration of computational modelling and TO into the design process.
Our objective was to optimize the plate size and enhance its biome-
chanical performance while maintaining its elastic stiffness. To accom-
plish this, we designed both above-mentioned types of fixation plates,
manufactured them using 3D printing, and subjected them to mechan-
ical loads while measuring the full-field strain patterns using digital
image correlation. We also developed an experimentally validated FE
model to evaluate the plates under two physiological loading conditions:
two-leg stance (with a maximum reaction force of 1 time body weight
(BW) and walking (with a maximum reaction force of 3 times BW). Our
FE model considered a scenario in which bone healing is delayed, but
gradual load bearing has already started, with a focus on the worst-case
scenario of walking. The ultimate goal was to assist clinical engineers in
designing more reliable and optimally sized patient-specific plates for
the treatment of SCFE defects.

2. Materials and methods

A 13-year-old male patient with a body weight of 100 kg was referred
to the OLVG Hospital (Amsterdam, the Netherlands) for the corrective
osteotomy of the left proximal femur affected by SCFE (see Ethical
Approval). A patient-specific CAD plate had been designed and utilized
during surgery at OLVG. Here, we perform a retrospective study in
which an alternative fixation plate is designed and compared with the
actual implant in a laboratory setting. The workflow for creating a
patient-specific bone plate using both conventional CAD techniques and
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TO is outlined in Fig. 1. It starts with image acquisition and clinical
diagnosis (Fig. la-i). The 3D bone model is then generated from
femur osteotomies are performed (Fig. 1b) and screw positions are
defined (Fig. 1c-i). Finally, a biomechanical engineer can design the
patient-specific plate using computational tools, such as FEA software
and TO (Fig. 1c) or CAD software (Fig. 1d).

2.1. Image segmentation and virtual reconstruction

Image acquisition was performed using a Revolution™ CT scanner
(GE Healthcare, Milwaukee, WI, USA) at a tube voltage of 100 kVp, a
current of 132 mA, and a slice thickness of 1.5 mm. Image segmentation
and 3D model generation of the femur bone were done using Materialise
background segmentation was applied with an optimal threshold of
226-3071 Hounsfield units (HU) to generate the 3D model of the femur.
The CT images revealed a single pin with a high HU value in the prox-
imal head of the femur, which had been placed to prevent further
femoral head slippage. This pin was excluded from the 3D model as it
was removed during the corrective surgery. The 3D bone model was
then exported to 3-matic® 13.0 (Materialise, Belgium) for virtual
reconstruction of the corrective osteotomy and plate design (Fig. 1b-i).

The main objective of surgical treatment for SCFE is to realign the
femoral head relative to the acetabulum and to secure stable fixation of
proximal part of the femur, which requires at least 50% of the osteotomy
to be in contact with each other to facilitate healing of the osteotomy. In
virtual planning, the desired position of the femoral head can be
determined based on the healthy opposite femur of the same patient, or,
if both femurs are affected and cannot serve as a reference (as was the
case in this study), the healthy femur of another patient can be used, in
consultation with an orthopedic surgeon (Aronsson et al., 2006; Loder
et al., 2000). A planar cut was first made between the lesser trochanter
and the femoral neck (Fig. 1b—ii). Next, the shaft and femoral head were
rotated along the sagittal, axial, and coronal planes to obtain acceptable
hip angles (Fig. 1b-iii-v). The overlap between the femoral head and
shaft was then cut (Fig. 1b-vi-vii), and the wedge-shaped excess part
was removed (Fig. 1b-viii) to form the corrected femur model
(Fig. 1b-ix). The accuracy of the angles in the final model was confirmed
by re-importing it into Materialise Mimics® and overlaying it on the CT
images (Fig. 1a-i).

2.2. Synthetic bone

We used a fused deposition modelling (FDM) 3D printer (Ultimaker
S5, Ultimaker B.V., The Netherlands) and poly-lactic acid (PLA) fila-
ments (Ultimaker PLA-white, 750 g Natural with a filament diameter of
2.85 mm) to additively manufacture a model of the SCFE-affected femur.
We divided the 3D bone model into two sections, namely the compact
and porous regions, and segmented the CT images to identify the areas
whose grey values were indicative of cortical (> 226 HU) and cancellous
bone (< 226 HU). These regions were then imported into the Ultimaker
Cura software (V4.9.0) and were 3D printed using the printing param-
eters listed in Table S1 of the supplementary document.

2.3. Computational modelling

The finite element modelling and topology optimization in this study
were performed using the commercial software suite Abaqus/CAE 2017
(Simulia, Dassault Systemes, France). First, we created a simplified
model to replicate the experimental conditions (Figs. 2a and 3a-b). This
model was then extended to include a musculoskeletal system and
simulate more complex physiological loading conditions, such as two-
leg stance and walking (Fig. 3c). Next, we analyzed CAD plate designs
featuring various screw positions, initially selected by the surgeon,
under walking loading condition to establish the design domain for
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Fig. 1. The workflow used for the design of a topology-optimized proximal femur fixation plate for the treatment of SCFE patients. The process starts with image
acquisition and clinical diagnosis (a-i) followed by image segmentation (a-ii) and the generation of a 3D model of the affected bone (a-iii). The virtual reconstruction
of the corrective osteotomy is carried out by cutting the bone along a plane placed between the femoral head and lesser trochanter (b-ii), rotating the bone shaft for
physiological endo/exo rotation (b-iii), adjusting the rotation of the proximal part of the femur in the coronal and sagittal planes (b-iv), and translating it for proper
placement in the acetabulum (b-v). The removal of the overlap between the proximal femur and shaft is achieved by creating a plane (b-vi), cutting the proximal
femur (b-vii), removing the wedge (b-viii), and transferring the corrected bone model to the plate design stage (b-ix). The screw positions are defined (c-i) and the
initial design area is placed on the bone after subtracting the bone surface (c-ii). The outcome of the topology optimization process (c-iii) is post-processed to produce
the final product (c-iv). The design of the CAD plate used in this study is presented in subfigure (d).

topology optimization (Fig. 4a). The screw positions were altered in four
configurations, including P3-D4 (three screws proximally in the head
and four screws distally in the shaft) (Fig. 4a-i), P3-D3 (Fig. 4a-ii), P3-
D2 (Fig. 4a-iii), and P2-D4 (Fig. 4a-iv). The design area was defined
based on the screw configuration P3-D3 (Figure S1c) and was optimized
to withstand the extreme loading conditions in this study, which was
walking. A von Mises stress limit of 435 MPa (i.e., a 50% safety margin
from the yield strength of Ti-6Al-4V) was considered to be the
maximum safe stress. The validity of the FE model was established by
comparing its predictions with experimental data obtained using digital
image correlation (DIC) for CAD plates (Fig. 2c and the supplementary
movie S1).

2.3.1. Material assignment

We discretized the surfaces of the model with a maximum element
edge length of 1.8 mm and generated the volume meshes with a
maximum element edge length of 2.2 mm using 4-node tetrahedral
(C3D4) elements (as illustrated in Fig. 3a). Isotropic linear elastic ma-
terial models were used for all the materials.

In the FE analysis of the experimental loading conditions, the ma-

terial properties of PLA were assigned homogenously to the synthetic
femur model. It has been reported that the elastic modulus (E) of 3D
printed compact PLA can vary between 350 and 3500 MPa (Farah et al.,
2016). However, the mechanical properties of 3D printed PLA are very
consistent as long as the filament batch, printing machine, and printing
parameters are kept the same (Anderson, 2017). The variations in the
mechanical properties of PLA are influenced by multiple factors,
including manufacturing processes, material composition, and testing
conditions. Additionally, its Poisson’s ratio () is recorded at 0.36, and
its density (p) is ~ 1240 kg/m3 (Farah et al., 2016). The material
properties were then assigned based on the grey values obtained from
CT images. The higher grey values (> 226 HU) corresponded to an
average value of E = 350 MPa and p = 1240 kg/m®, representing the
cortical bone. The lower grey values (< 226 HU) corresponded to E =
140 MPa and p = 496 kg/m°, representing the cancellous bone (Fig. 3b).

To evaluate the performance of the plates under physiological
loading conditions, we introduced the mechanical properties of the
femur into the physiologically based FE model, using a grey-value-based
approach. This method enabled us to model the effects of physiological
loading conditions on the femur accurately, with a total of 15 material
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Fig. 2. (a) The experimental setup (left) and displacement (U) and rotation (UR) constraints in the finite element model (right). (b) The force-displacement curves
obtained from the quasi-static compression tests for the CAD and TO plates and the true effective (von Mises) strain fields of the plates prior to failure, measured by
DIC. (c) A comparison between the true maximum principal strain values measured by DIC and the FEA-predicted values of the logarithmic (LE) maximum principal

strain within the linear elastic region of the CAD plate (up to 1700 N).

properties ranging between 14.2 and 19199.2 MPa for the Young’s
modulus (E) and 50-1573.1 kg/m? for density (p) (Fig. 3b). We assigned
a homogeneous material value of p = 50 kg/m? to all the negative HU-
values up to 100 HU. To cover the HU values between 101 and 1840 HU,
we used 14 materials ranging between p,,;, = 107 and p,,,, = 1568 Kg/
m>. The material properties were calculated using the empirical ex-
pressions (i.e., = 0.004p%%%) and v = 0.3 (Ciarelli et al., 1991). The
proximal part of the femur required an additional material, as the CT
scan included a pin in the proximal femur with a very high HU value. We
assigned low mechanical properties (i.e., E= 14.2 MPa and p = 50
kg/m?>) to this area, since the pin was not included in our model. The
following mechanical properties were assigned to the Ti-6A1-4V plates:
E =110 GPa, and v = 0.3 (Sathish et al., 2020; Soni and Singh, 2020;
Chung, 2018). The yield strength (Sy;q) of the 3D-printed titanium alloy
plates was considered to be 870 MPa (Kobryn and Semiatin, 2001).

2.3.2. Loads and boundary conditions

In the FE model, we imported the proximal femur fixture as an
undeformable rigid object into the model to apply the load on the
proximal femur head and distally fixated all the 6°-of-freedom of the
shaft (U = UR = 0) to represent the experimental setup (Fig. 2a). The
load was applied by displacing the fixture 6 mm inferiorly (i.e., in the
negative z-direction in Fig. 2a), which was sufficient to capture the
linear portion of the load-displacement curve obtained from the
biomechanical experiments. Since the joint contact force on the femur is
applied at a physiologically relevant angle, the bone-plate construct was
rotated 3° around the x-axis (i.e., flexion), 20" around the y-axis (ie.,
adduction), and —43.6 around the z-axis (Simoes et al., 2000). A fric-
tion coefficient of 0.3 (Aziz et al., 2020) was assigned to the interfaces
between the PLA parts (i.e., shaft and the head) and the head and fixture,
while a friction coefficient of 0.45 was assigned to model the contact
between the synthetic bone and the plate (Yu et al., 2005; Zhiani Hervan
et al., 2021).

To assess the plates under physiological loading conditions, we
considered joint reaction force and the major muscle groups, specifically
the abductor forces on the greater trochanter, and the iliopsoas on the
lesser trochanter (Taylor et al., 1996; Cheal et al., 1992; Reina-Romo
et al., 2014). During corrective surgery, the vastus lateralis, one of the
most dominant quadriceps muscles, was detached and then reattached,
leading to significant weakening and decreased load on the proximal
femur. The decision to exclude it from the computational model was
made in consultation with the surgeon. However, the muscles acting on
the lesser and greater trochanters were stretched, not negatively
affected, and were, thus, included in the model.

To minimize the bending moments and achieve uniform stress dis-
tribution within the bone, the FEA model incorporated a joint contact
force with an inclination angle of 20° with respect to the vertical di-
rection (Fig. 3c). This angle remains constant throughout the stance
phase of the gait cycle, while supporting the maximum load during
walking (Bergmann et al., 2016). The physiological model necessitated
adjustments to the interactions and constrains. Loading areas of
180-300 mm? were designated for joint reaction forces, abductor, and
iliopsoas in accordance with literature and muscle attachment sites (Fan
et al., 2018; MacLeod et al., 2018; Yang et al., 2020). A friction coeffi-
cient of 0.45 was used at the contact interface between the femoral head
and the shaft (Von Fraunhofer et al., 1985; Tilton et al., 2020; Shockey
et al., 1985), while a penalty friction coefficient of 0.4 was utilized to
model the interaction between the femur and Ti-6Al-4V plate (Fan
et al., 2018; Yu et al., 2005; Cordey et al., 2000; Pendergast and Ruso-
vici, 2015). The distal surface of the femur was completely restricted
from translation (Fig. 3c) (Arnone et al., 2013; Nobari et al., 2010; Peleg
et al., 2006). Non-locking screws were used in both experiments and
were simulated in the computational models. To simulate such screws,
two reference points were defined: one at the middle of the hole in the
plate and another at the bottom part of the hole within the bone. These
reference points were kinematically coupled to the internal surfaces of
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Fig. 3. (a) Overview of surface mesh applied to bone and plate. (b) Cross-sectional views of material assignment to volume mesh of synthetic (PLA) bone (left) and
patient’s bone (right). The color scale represents the corresponding values of the density and Young’s modulus calculated for bone and plate. (c) The constraints and
muscle force directions for physiological loading conditions along with the muscle attachment regions (left) and the muscle forces in three directions during two-leg

stance and walking (right).

each hole in the plate and in the bone cavity. This kinematic coupling
condition restricted the movement between these reference points (i.e.,
master) and their corresponding bone and plate surfaces (i.e., slave) in
all degrees of freedom. The two reference points were then linked
together using a multi-point constraint (i.e., beam) to represent the
screw. Such a simulation approach reduces computational time by
simplifying the interaction of the non-locking screw with its interfaces in
the plate and bone (Figure S2 in the supplementary document). These
constraints ensured that the components of the screw, bone, and plate
components were appropriately connected and functioned as a unified
system.

2.4. Plate design

We evaluated two different approaches for creating patient-specific
femoral plates: computer-aided design (CAD plate) and topology opti-
mization (TO plate). Our considerations for the TO plate were influenced
by the previously designed CAD plate, which was successfully implanted
in the patient. As a result, both approaches ensured that the plate size
and shape were tailored to the patient’s anatomy, making them effective
for orthopedic plate design.

The CAD plate (Fig. 1d) was developed at the OLVG hospital in
collaboration with the orthopedic surgeon using SolidWorks® 2020
(Dassault Systemes SolidWorks Corporation). The custom plate was
modelled after the shape of pediatric hip plates and was adapted to the
patient’s anatomy. The distal part of the plate had a thickness ranging
between 3.6 and 4.3 mm, with the proximal part having a thickness of up
to 14.0 mm. The distal width was approximately 20.0 mm (19.5-20.2
mm). The CAD plate used in this study was slightly different from the
version used in clinical practice. The plate was designed with small
holes, strategically positioned along the lateral-distal part of the plate, to

serve as internal markers for the purpose of monitoring print quality
(Fig. 2¢). Three proximal and four distal cannulated dynamic compres-
sion screws (DePuy Synthes, West Chester, PA) were used to secure the
plate to the bone. Six screws had a diameter of 4.5 mm, while the sev-
enth (ie., the most proximal screw) had a diameter of 6.5 mm. The
lengths of the screws varied between 32 and 38 mm distally and between
65 and 71 mm proximally. Further details regarding the CAD plate can
be found in the supplementary Figures Sla-b.

The TO plate was generated by establishing an initial design domain
that included six screws (three proximal and three distal), which was
determined based on the results of comparing various screw configu-
rations (i.e., P3-D3 in Fig. 4a). The design domain was defined with a
maximum thickness of 8.0 mm distally and 18.0 mm proximally, and a
portion of the medial side was subtracted from the bone surface to
achieve a good fit with the femur (Fig. 1c-i-ii and Slc of the supple-
mentary document). The design area was 115.0 mm in length and 25.0
mm in width to cover the entire lateral side of the shaft (Figure S1c of the
supplementary document). A total of 29 cycles of iterative general TO
were performed using the TOSCA module within the Abaqus/CAE. We
used the solid isotropic material with penalization (SIMP) method to
describe how the density and stiffness of each element were related. The
convergence criteria were set to 0.005 for element density changes and
0.001 for the objective function. The material distribution within the
design domain was optimized for the extreme physiological loading
condition (i.e., walking) with the objective of minimizing the sum of
strain energy while limiting the volume (the sum of the volumes of el-
ements in the design area) to 30% of the design domain. The choice of a
30% volume constraint was made to find a balance between reducing
material use and maintaining the integrity of the structure, while also
avoiding potential convergence issues during the optimization process
(Gupta et al., 2020). In addition to volume constraints, the model was
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across varying screw configurations. These configurations include (i) three proximal screws and four distal screws (P3-D4), (ii) three proximal screws and three distal
screws (P3-D3), (iii) three proximal screws and two distal screws (P3-D2), and (iv) two proximal screws and four distal screws (P2-D4). (b) A comparative evaluation
of the FEA-predicted von Mises stress distributions (Sasises/Syieid) for both CAD and TO plates under two distinct conditions: two-leg stance and walking.

subjected to geometrical constraints. To ensure that there was sufficient
material available for screw fixation, the area surrounding the screw
holes was frozen and was, thus, excluded from TO. Since the overall
shape of the plate was already determined, no extra geometric limita-
tions were imposed during the optimization stage.

The resulting TO plate (Fig. 1c-iii) was then converted into a raw STL
file using 3-matic® 13.0 (Materialise, Belgium) for post-processing. The
raw STL file of the plate was imported and refined by removing any
excess material and closing any openings that could potentially cause
tissue integration, ensuring a solid plate structure. The edges were then
rounded, and the final design was smoothed to minimize the risk of
tissue irritation, friction between the plate and surrounding tissues, and
bone ingrowth (Wang et al., 2017; Liu et al., 2014). The surface modi-
fications were finalized after consultation with the orthopedic surgeon
(Fig. 1c-iv).

2.5. Experimental methods
CAD and TO plates were additively manufactured from Ti-6A1-4V

ELI powder (grade 23), and were fixed to the synthetic bone using
standard Ti-6Al-4V cannulated dynamic compression screws

(MatrixMANDIBLE, DePuy Synthes, USA). The plates were manufac-
tured using the direct metal printing (DMP) technique using a layer
thickness of 60 pm (3D systems, Leuven) and were post-processed
through hot isostatic pressing (HIP) (105 MPa, 1050 °C, dwell time =
120 min). The chemical composition and mechanical properties of the
used titanium alloy powder are listed in Tables S2 and S3 of the sup-
plementary document, respectively.

The surgical cutting and drilling guide (Figure S1d of the supple-
mentary document) was manufactured using the Formlabs surgical
guide resin, which is a biocompatible photopolymer material specif-
ically designed for use in surgical guide applications, and stereo-
lithography (SLA) technique on a Form 3B printer (Formlabs, USA). The
bone-plate construct was prepared in accordance with the virtual sur-
gical plan by positioning the guide on the FDM 3D printed femur
affected by SCFE. The screw holes were first predrilled with a 1.6-mm
drill bit, and the wedge-shaped excess portion was removed using a
hand saw. The plate was then screwed onto the proximal and distal
femur sections with the aid of Kirschner wires inserted into the pre-
drilled holes (Figure S1d of the supplementary document). During the
screwing process, the applied torques were measured (Stahlwille Torque
Screwdriver 760, Germany), and the maximum torque was set at 1.5 N m
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(Kincaid et al., 2007; Yerby et al., 2001; Daftari et al., 1994).

The experimental test setup was devised to perform both quasi-static
compression and cyclic testing (Fig. 2a). The setup comprised a fixture
consisting of a cup-shaped top and a box-shaped bottom to simulate the
interaction between the head of the femur and the joint. The bone,
which was fixed in place using epoxy resin (Poly-Pox epoxy THV 500
and hardener Poly-Pox 355, Poly-Service), was positioned at the bottom
part of the fixture and angled at 20° in the coronal plane to replicate
physiological posture. The cup’s diameter was set to 47.0 mm to fit the
sphere-shaped femoral head and its depth was set at 15.0 mm to mini-
mize the risk of impingement. The fixture was designed using Solid-
Works (Dassault Systemes SolidWorks Corp., V2020) and was fabricated
through milling. To imitate physiological posture during the curing
process, a holder was utilized to maintain the constructs at a 20° angle in
the coronal plane (Figure Sle of the supplementary document).

2.5.1. Quasi-static compression testing protocol

We conducted quasi-static compression tests on two CAD and three
TO constructs using a mechanical testing bench (LLOYD instrument
LR5K with a 5000 N load cell) at a rate of 0.3 mm/min with a preload of
1.0 N until failure occurred. The failure of the construct was determined
as plate, screw, or bone failure or as screw loosening. The stiffness of the
construct was calculated using the slope of the best-fit line in the linear
portion of the load-displacement curve, while the strain energy stored in
the construct was calculated as the area under the curve until the failure.

2.5.2. Compression-compression cyclic testing protocol

Three CAD and three TO constructs were subjected to cyclic loading
under a constant range of compressive stresses between 150 N and 1500
N (equivalent to 1.5 times BW) using an INSTRON ElectroPuls™ E10000
machine with a 10 KN load cell (Fig. 5a and b). To assess the long-term
mechanical function of the plates, we evaluated them under a post-
surgical worst-case loading condition within the first 150,000 cycles,
which roughly corresponds to 15 min of walking with crutches per day
for 5 months. To simulate this scenario, sinusoidal loads with 1 Hz
oscillation were applied to the synthetic bone specimens for 150,000
cycles, based on physiological walking loading speeds and recovery

proximal ./'
femur fixture ‘&%

femur Fr
~ orthopaedic
distal femur plate
fixture ™

=
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times (Kanchanomai et al., 2010). If no plate or construct failure was
observed after 150,000 cycles, the test was extended to 1,000,000 cycles
at 3 Hz to detect any potential plate or screw failures (Fig. 5b).

2.5.3. DIC measurements

The local deformation and strain patterns during the experimental
testing were measured using a Q-400 2 x 12 MPixel digital image cor-
relation (DIC) system (LIMESS GmbH, Krefeld, Germany). The strain
maps were obtained for both the CAD and TO plates at a frequency of
0.25 Hz and a facet size of 21-27 pixels. To study the full-field strain
distribution of the bone plate, the plate itself was selected as the region
of interest. A black dot speckle pattern was applied over a white paint
background, covering the entire area of interest. Two digital cameras
and LED panels were positioned at a distance of 0.8 m from the speci-
mens to capture images and provide illumination, respectively. Image
processing and strain calculations were performed using Istra4D x64
4.6.5 software (Dantec Dynamics A/S, Skovunde, Denmark). The loga-
rithmic strain (LE) maps from FEA were then compared to the true
principal strain maps measured with DIC within the linear region
(Fig. 2b).

3. Results
3.1. FEA results

The computational model was validated by comparing the loga-
rithmic (LE) maximum principal strain in the linear elastic range (up to
1700 N) as predicted by the FEA model with the maximum principal true
strain measured using DIC (Fig. 2c). The comparison showed good
agreement between the two, indicating that the FEA model is a valid
representation of the experimentally obtained maximum principal strain
fields. Both the DIC and FEA results revealed increased strain in the
vicinity of the top screw in the shaft and towards the fracture gap at the
lateral side of the CAD plate (Fig. 2¢). The DIC results also showed high
strain fields at the top of the plate, which were not captured in the FEA.

Although the CAD plate was marked with small holes for monitoring
print quality, these holes were not included in the FE model. However,
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Fig. 5. The setup used for cyclic loading tests and the corresponding experimental results. (a) The setup used for the cyclic loading tests, (b) the cyclic compressive
load changed between a minimum of 150 N and a maximum of 1500 N with an initial frequency of 1 Hz until 150,000 cycles. The specimens surviving the first round
of the cyclic test were subjected to cyclic loading with the same maximum and minimum loads applied with a frequency of 3 Hz until a total of 1,000,000 cycles
(including the first round of tests), and (c) the different modes of failure observed in this study. (d) The displacement vs. number of cycles for both CAD and TO plates

during the cyclic tests.
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the results of both experimental testing and FE analysis were found to be
comparable, suggesting that these small holes did not significantly affect
the performance of the plate.

The FEA model was expanded to assess the performance of ortho-
pedic plates with various designs and screw configurations under
physiological loading conditions. The von Mises stress distribution
resulted from the FEA were compared in two-leg stance and walking
conditions (Fig. 4b). Under both physiological loading conditions, the
CAD plate showed the highest degrees of stresses concentration in the
vicinity of the most lateral proximal screw, with maximum stress values
of 233.0 MPa and 762.0 MPa (Syises/Syiera > 0.5) in two-leg stance and
walking, respectively (region i in Fig. 4b). In contrast, the TO plate
exhibited a more homogeneous stress distribution within the safety
margin (Spises/Syierda < 0.5) (Fig. 4b-right). The CAD plate experienced
higher stress concentration on the medial side near the fracture gap
(region iiin Fig. 2b), exceeding the safety margin for walking conditions.
This result suggests that if walking loads are applied, the stress on the
medial side of the CAD plate could potentially lead to plate fractures.

The stress distributions in the analyzed screw configurations were
comparable with a variation of less than 5% in the maximum stress
between configurations P3-D4, P3-D3, and P3-D2 (Fig. 4a). However, a
higher concentration of stress was noticed in the screw configuration P3-
D2 at its most distal screw, resulting in a larger high stress area. The
presence of fewer screws in the proximal part of the plate (i.e., P2-D4)
resulted in a significantly higher maximum von Mises stress, with a
difference of 36% (~ 1055.0 MPa). All the configurations resulted in
stress concentrations above the safety margin of 435 MPa in the plate.
The configuration P3-D3 was ultimately selected for the topology opti-
mization process.

The length of the TO plate was reduced by 18.1% in comparison to
the CAD plate. The maximum thickness around the fracture gap, how-
ever, was increased by ~ 30%, and the lateral side of the distal plate was
doubled (Figure S1 of the supplementary document). The final plate had
a maximum length of 86.0 mm, a variable width of around 20.0 mm and
a variable thickness ranging from 4.0 to 8.0 mm distally (Figure S1c of
the supplementary document). The TO plate weighed 62.6 g, which was
23.1% heavier (50.86 g) than the CAD plate. During two-leg stance
loading, the maximum von Mises stress was recorded at 121.1 MPa near
the bottom screw in the shaft. Walking loading resulted in a maximum
von Mises stress of 390.7 MPa at the same location as observed in two-
leg stance loading (Fig. 4b). High stress areas were observed in the bone
near the interface between both bone parts, with maximum stress values
of 96.1 and 147.0 MPa for two-leg stance and walking, respectively. The
von Mises stresses inside the plate remained below the yield strength of
Ti-6Al-4V (i.e., 870 MPa).

3.2. Experimental test results

As a part of this study, unpublished data was used to evaluate the
impact of screw torque measurements on the results. Two scenarios were
examined: fully tightened screwing and screwing with a maximum
torque of 1.5 N.m. The findings indicated that including screw torque
measurements significantly enhances the consistency of the results.
Without torque measurement, the outcomes were found to be highly
variable. Consequently, all the results presented in this study were ob-
tained from the construct tightened to a maximum torque of 1.5 N.m.
The force-displacement data was obtained from quasi-static compres-
sion tests until failure (Fig. 2b). All the CAD constructs failed at loads
lower than the maximum walking load of 3000 N (2814.4 + 228.6 N),
whereas all the three TO constructs failed at loads higher than the
walking loading condition (>3000 N) at 3603.3 + 108.2 N.

The mean stiffness of the CAD and TO constructs was determined to
have a difference of 11.7%. However, a discrepancy was observed be-
tween the experimental results and those obtained using FEA, with the
CAD and TO constructs exhibiting a 14.76% and 4.9% difference,
respectively. The results of the quasi-static test indicated that the
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ultimate load values for the TO constructs were significantly higher (i.e.,
24.6%) as compared to those for the CAD constructs. The ultimate
displacement and stored strain energy in the TO plates were observed to
be greater than those in the CAD plates with increase of 34.6% and
78.1%, respectively. This data substantiates the enhanced capability of
the TO plates to sustain higher levels of deformation and absorb more
energy.

The true effective (von Mises) strain fields of the plates were ob-
tained from the DIC measurements before the plates failed (Fig. 2b). In
the CAD plate, the highest strain values were located near the fracture
gap and the first distal screw due to bending moments. Conversely, the
highest strain values in the TO plate were found in the proximal part of
the plate, near the lateral screw hole. The CAD and TO constructs failed
as a result of excessive bending, which led to the breakage of the lateral
proximal screw. Bending was also visible at the remaining proximal
screws in both the CAD and TO constructs and at the most distal screw in
the shaft in two TO constructs (Fig. 2b). Neither the CAD nor the
topology-optimized Ti-6Al-4V plates experienced plate failure.

In this study, the failures observed during the cyclic tests were
categorized as screw failure, bending, or loosening, or as plate failure.
Out of the three CAD constructs, two failed within 150,000 cycles, due to
screw failure (i.e., CAD_1 in Fig. 5¢c and d) and screw bending (i.e.,
CAD_2). All of the topologically optimized constructs, on the other hand,
were able to withstand cyclic loading within the same timeframe. When
the tests were continued until 1,000,000 cycles, CAD_3 failed at the most
proximal screw hole in the shaft after 400,000 cycles, while TO_1 failed
at the two most proximal screws after 180,000 cycles (Fig. 5¢). The other
two TO constructs remained functional with slight displacement
changes (<2 mm) until the end of the 1,000,000 cycles. During the
removal of the plates, no screws were found to be loose.

4. Discussion

We evaluated the biomechanical performance of patient-specific
fixation plates designed using two different design strategies (i.e., CAD
and TO) used for temporary fixation of bones following osteotomy. An
FE model was created, validated against experimental results including
full-field strain measurements, and used to examine the behavior of
these plates under clinically relevant loading scenarios.

While PLA does not entirely mimic the mechanical properties of
cortical bone tissue, it does possess characteristics resembling those of
cancellous bone (Wu et al., 2020). Moreover, when comparing different
design alternatives, the ranking of different designs in terms of their
mechanical performance is not expected to be as much influenced by the
absolute values of the mechanical properties of the bone phantom as it is
by any inconsistencies (variabilities) in the geometry or mechanical
properties of the bone phantom. Utilizing PLA offers a homogeneous,
bone-like 3D-printed structure with consistent mechanical properties
and patient-specific geometry, which allows for a methodical assessment
of the effectiveness of patient-specific metallic bone plates. This stan-
dardized setup facilitates the comparison of different plate designs
under consistent conditions. The test results demonstrated that there
was no occurrence of screw loosening or bone failure. Given that the
synthetic bone used here has a lower strength than actual cortical bone,
the results of the current study suggest that the bone-plate constructs are
not expected to experience failure if real bone is used (Egol et al., 2004).
Although the findings are not directly translatable to clinical settings,
previous research has established that the use of composite bone is a
viable method for evaluating bone-plate constructs (MacLeod et al.,
2018; Elfar et al., 2014).

The TO plate was designed with a smaller design area and a specific
screw configuration that consisted of three distal and three proximal
screws. The shape of the TO plate was similar to the CAD plate, but it was
20 mm shorter and thicker, with a maximum thickness of 8.0 mm
distally and 18.0 mm proximally, compared to 4.0 mm and 14.0 mm in
the CAD plate, respectively. The use of three distal screws, instead of the
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four used in the CAD plate, will likely reduce surgical incision size,
surgery time while improving the patient recovery post-surgery (Nobari
et al., 2010; Peleg et al., 2006; Petersik et al., 2018). The reduction in
plate length also allows for better adaptation to the specific anatomy of
the patient, enhancing the fit and reducing potential issues related to
plate positioning. The increased thickness around the fracture gap helps
to provide better stability and increase load-bearing capacity and sup-
port, particularly in areas where bending forces may be more prominent.
This reinforcement helps to distribute the load more effectively and
prevent stress concentrations, reducing the risk of plate failure.
Although previous studies have shown that reducing the plate length
and increasing its thickness can result in increased plate stiffness (Stoffel
et al., 2003; Petersik et al., 2018; Chakladar et al., 2016), these effects
were minimal in the bone-plate constructs studied here. The stiffness of
the construct differed by only 11.7% between the CAD and TO plates,
with the TO construct displaying higher values of ultimate load, ultimate
displacement, and stored strain energy as compared to the CAD
construct.

The TO plate was 23.1% heavier than the CAD plate. The increased
weight of the TO plate, although it may not be desirable in terms of
implant weight, can contribute to improved stability and load distri-
bution. A heavier plate can provide additional rigidity and resistance
against deformations under load. After consultation with the surgeon,
the extra weight was deemed acceptable.

We conducted a computational evaluation of the plates under
simulated physiological loading conditions. Our results indicated that
during walking and in the case of the CAD plate, the stress values within
the areas of stress concentration exceeded the yield limit of 435 MPa
(Swtises /Syieta > 0.5), while the TO plate remained below this limit in both
two-leg stance and walking scenarios. This suggests that the CAD plate is
at increased risk of failure, potentially leading to plastic deformation or
crack initiation (Caiti et al., 2019), when subjected to a load of ~3000 N.
The computational findings are supported by the experimental results,
including the cyclic and quasi-static loading tests, in which all the CAD
constructs failed before reaching 3000 N.

The loading conditions applied to the hip joint were simplified in an
effort to emulate the physiological loading conditions. Previous research
has taken various approaches in representing the forces acting on the hip
joint, including the inclusion of all muscles, only the primary muscles
and joint forces, or just the hip contact force (Fan et al., 2018). The
distribution of stress and strain around the bone and plate can vary
depending on the loading conditions used (Fan et al., 2018; Taylor et al.,
1996). Some studies have reported that including all the muscles in the
hip joint leads to a more uniform distribution of strain along the femur
(Duda et al., 1998), while others have found that only including the
main muscles, such as the abductor and iliotibial tract, can cause
increased strains at the distal part of the bone (Duda et al., 1997). It is
important to consider the contribution of muscle forces in FEA models,
as neglecting them can lead to an overestimation of shear and bending
forces (Duda et al., 1997, 1998). Including certain muscles, such as the
obturator internus, iliopsoas, and superior and inferior gemellus, can
help in decreasing the modeling errors (Duda et al., 1997). However, in
order to balance the complexity of the model with the accuracy of the
results, it is necessary to make compromises and decisions about the
inclusion of muscles in the FEA models. Further research is needed to
better understand what impact these simplifications have on the simu-
lation results.

The osteotomy procedure for patients with SCFE is intended to re-
establish healthy loading conditions in the hip joint. It is, however,
likely that these conditions remain weaker than normal after surgery
due to reduced weight-bearing activities during the recovery period. In
this study, forces generated by healthy muscles were used to analyze the
forces acting on the femur, which may have resulted in an over-
estimation of these forces. This overestimation could have also been due
to the simplified muscle model and the angle at which the muscle forces
are applied (Bitsakos et al., 2005). Although the loading conditions used
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in this study may not precisely reflect the actual conditions encountered
by the patient, the results of the plate strength analysis are likely still
conservative, implying that the actual forces are probably lower than
what was estimated. This offers a margin of safety, as the analysis results
provide an indication of the minimum required strength for the plate to
perform effectively.

The bone model was simplified by assuming isotropic linear elastic
material properties, which is a commonly used assumption in biome-
chanical modelling of bones (Caiti et al., 2019; Yang et al., 2010), while
the screws were modelled as fully constrained beam elements. Both the
screws and the plate contribute to the deformation during the experi-
ments. In the FEA model, however, the screws are considered rigid,
causing the deformation from the screws to be transferred to the plate.
This could result in higher strain values on the plate in the FEA as
compared to the DIC measurements. In addition to the simplifications
made in the FE model, this discrepancy may have been caused by the
out-of-view motion of the plate towards the DIC camera. However, the
stiffness values obtained from the force-displacement curves were found
to be similar between the experiments and the FEA, which may be
because this method compares the deformation of the entire construct
rather than just the plate.

During the quasi-static compression tests, the load was applied only
to the head of the femur, which may lead to an overestimation of load
transfer, particularly with respect to bending in bone-plate constructs
(Duda et al., 1997, 1998). Some studies have attempted to incorporate
tension at the greater trochanter in their loading device (Kanchanomai
etal., 2010; Cordey et al., 1999). However, this is a challenging task, and
there are concerns that the synthetic bone 3D printed from PLA may fail
at this location (Cordey et al., 1999). Despite these challenges, research
has shown that acceptable results can still be obtained without incor-
porating more complex physiological loading conditions (Arnone et al.,
2013; Cordey et al., 1999).

The results of this study showed that the screws, particularly those
located proximally, were the weakest part of all the tested constructs.
The proximal cannulated screws of 4.5 mm diameter failed due to
bending moments, a common mode of failure in bone plate constructs
(Stoffel et al., 2003). Bending was also observed in the other proximal
screws in both plate constructs and in the most distal screw of the TO
plate construct, which may be due to higher loads being applied to the
TO plate construct prior to failure as compared to the CAD construct. To
improve the performance of the constructs, it is suggested to consider
increasing the diameter of the proximal screws and/or replacing can-
nulated screw with solid screws or other enhancements. In addition, this
study highlighted the high variability in test results when screw torque
was not measured. In our preliminary experimental tests, we observed
that the torques applied to the screws can significantly influence the
overall performance of the plates. Measuring screw torque resulted in
more consistent outcomes. Moreover, excessive tightening torques have
been identified in the literature as a major contributor to screw failure in
bone plate constructs (Daftari et al., 1994). It is, therefore, recom-
mended to take screw insertion torques into consideration during sur-
gical procedures. Incorporating this variable in computational models
could facilitate a parametric investigation of how varying torque levels
applied to the screws affects the biomechanical performance of the
plates. Such computational simulations can provide considerable added
value particularly in surgical settings.

We also compared the performance of the CAD and TO plates under
cyclic loading conditions. The results showed that the CAD plates are
more likely to fail within 150,000 cycles of loading, due to screw
bending and screw material failure. As cyclic loading continued (up to
1,000,000 cycles), the remaining CAD plate and one of the TO plates
failed, while both other TO constructs performed well. The overall
outcome indicated that the TO plates were more durable and more
capable of withstanding cyclic loads as compared to the CAD plates.
However, it is important to note that these findings are only applicable
to the specific loading conditions tested and may not be generalizable to



V. Moosabeiki et al.

other loading conditions. Moreover, the optimal design for a patient-
specific plate may vary depending on various factors, such as bone
anatomy, density, and osteotomy angle. Hence, further clinical testing is
necessary to validate the strength of these plates in a clinical setting. The
evaluation steps and finite element analysis used in this study can be
applied in the design of patient-specific plates for SCFE patients. How-
ever, any design modifications should only be made after consulting
with a qualified surgeon.

5. Conclusions

We present evidence that patient-specific bone plates designed using
TO result in improved biomechanical performance, as demonstrated by
higher ultimate loads and similar stiffness when compared to those
designed using conventional CAD techniques. These results highlight the
utility of TO as a valuable approach for designing custom bone plates for
proximal femur fixation in patients with SCFE. The topology-optimized
plates showed a more uniform stress distribution in the regions close to
the screws, resulting in more durable constructs. While there were dis-
crepancies between the results of the FEA models and experimental
testing, the study showed that FEM data is a reliable tool for evaluating
and optimizing bone plates for SCFE patients.
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