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Abstract:

Cranial reconstruction using implants is critical for protecting intracranial
structures and restoring cerebral hemodynamics in cases of cranial
defects caused during accidents, diseases, or cancer. Patient-specific
implants(PSIs), made from materials such as polyether-ether-
ketone(PEEK), are desired to be lightweight, high in strength and capable
of mimicking the natural bone structure. Effective fastening mechanisms
using the required number of fixture plates are essential for seamless
integration between the PSI and the cavity of a defected skull for
successful cranial reconstruction.

This study explores the optimal number and shape of fixture plates
required to join a Skull-PSI assembly, such that the overall weight of the
PSI remains minimal, and this assembly does not fail when subjected to
heavy external loads of 950N. PEEK material was used for PSI, natural
bone for the defected skull and Titanium Alloy (Ti-6AI-4V) for the fixture
plates.

Conventional straight shaped fixture plates often require manual bending
for proper fitment on the Skull-PSI curved surface, which increases a
surgeon’s time and effort. Curved shaped fixture plates were designed, to
save on this time and effort, and enhance the contact surface area with
the Skull-PSI surface.

Four, three and two numbered, straight and curved shaped fixture plates
were investigated using Finite Element Analysis (FEA) techniques. Three
numbered, curved shaped fixture plates were found to be optimal, to
generate a 7-gram lightweight PSI that could successfully sustain
external loads up-to 950N without failure.
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Ultimately, these design improvements would benefit both patient and
surgeon in aspects of time and comfort.
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Abstract

Cranial reconstruction using implants is critical for protecting intracranial structures and
restoring cerebral hemodynamics in cases of cranial defects caused during accidents, diseases,
or cancer. Patient-specific implants(PSIs), made from materials such as polyether-ether-
ketone(PEEK), are desired to be lightweight, high in strength and capable of mimicking the
natural bone structure. Effective fastening mechanisms using the required number of fixture
plates are essential for seamless integration between the PSI and the cavity of a defected skull
for successful cranial reconstruction.

This study explores the optimal number and shape of fixture plates required to join a Skull-PSI
assembly, such that the overall weight of the PSI remains minimal, and this assembly does not
fail when subjected to heavy external loads of 950N. PEEK material was used for PSI, natural
bone for the defected skull and Titanium Alloy (Ti-6Al-4V) for the fixture plates.

Conventional straight shaped fixture plates often require manual bending for proper fitment on
the Skull-PSI curved surface, which increases a surgeon’s time and effort. Curved shaped
fixture plates were designed, to save on this time and effort, and enhance the contact surface
area with the Skull-PSI surface.

Four, three and two numbered, straight and curved shaped fixture plates were investigated
using Finite Element Analysis (FEA) techniques. Three numbered, curved shaped fixture plates
were found to be optimal, to generate a 7-gram lightweight PSI that could successfully sustain
external loads up-to 950N without failure.

Ultimately, these design improvements would benefit both patient and surgeon in aspects of
time and comfort.

Keywords patient-specific implants, von Mises stresses, finite element analysis, polyether-
ether-ketone, Ti-6Al-4V, reconstruction
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1. Introduction

Cranioplasty is the process of inserting an implant material (bone or non-biological materials
such as metal or plastic plates) to repair a skull vault defect that is commonly followed in
neurosurgery.! Protecting the brain within the skull and aesthetics are the major concerns
during a cranioplasty procedure.? Cranioplasty is used as a therapeutic tool to manage changes
in Cerebrospinal Fluid (CSF), blood flow, and the metabolic needs of the brain, in addition to
acting as a physical barrier to protect cerebral structures and cosmetically remodel a cranial
bone defect.> A cranial bone defect could develop as a result of trauma, infection, tumor
invasion, or when autogenous bone is unsuitable for replacement following a decompressive
craniectomy because of brain haemorrhage or infarction. Traditionally, skull abnormalities
have been repaired using materials such as animal bone, precious metals, autologous bone
transplants, and methyl methacrylate. Traditionally, orthopaedic implants were constructed of
cast or forged metal, which is significantly stiffer than natural bone. Implants should mirror the
stiffness and strength qualities of hard tissue.* Also, to match the shape of the skull, thin
titanium sheets of varying thicknesses are used and screwed together.> The drawback of this
typical approach is that it can be challenging to achieve a precision fit and curvature during
large reconstructions, particularly when a cranio-facial junction is involved in the defect.® In
vivo usage of standard Ti6Al4V implants can result in mechanical mismatches, including stress
shielding.* In the absence of a natural bone material, an artificial implant material needs to be
used, for which the material used should be radiolucent, immune to viruses, thermally inert,
immune to biomechanical processes, malleable enough to completely seal faults, easily
accessible, and affordable.” External loads on the skull could often lead to rupture and breakage
of an artificial implant material. Ti-6Al-4V-based implant materials with an elastic modulus of
115 GPa ensure that implants could resist heavy external loads.® These biomaterial functions
might include replacing organs and tissues whole or partially, improving tissue mechanics,
appearance, or both, promoting the integration of tissues, offering protection against infections,
hastening the healing process, or aiding in the identification of diseases or tissue damage.’

With advancements in digital technologies, 3D modeling and manufacturing, accurate and
reliable surgical implants are being widely designed, fabricated, and used by surgeons on
patients. This leads to confidence building in a surgeon towards exact implant fabrication as
per his/her conception in concurrence with a patient’s anatomical contour. Digital 3D
technologies have enabled the development of Patient-specific implants (PSIs) that have been
widely used for surgical correction of congenital, post-traumatic, or post-surgical
abnormalities.!? In-operative fabrication techniques are avoided by PSI, which may enhance
surgical workflow effectiveness and outcomes. !
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Polyether-ether-ketone (PEEK) has been widely used as spinal PSI material including cages,
rods, and screws to maintain stability in the spine so that the bones could fuse together
gradually.'? PEEK spinal fusions can prevent serious problems of stress shielding and vertebral
collapse typically encountered by metallic materials. PEEK can also be used to fabricate PSIs
for reconstructing maxillofacial deformities.!> When considering application-specific
performance, there isn't much space for a generic framework, but there are still certain
guidelines that may be issued. In the future, the capacity to support, stimulate, and improve
tissue regeneration will be the main criteria for biomaterials. When it comes to prolonging PSI
longevity and promoting patient recovery, a biomaterial's level of functionality determines how
much better it is than currently used biomaterials.'* PEEK-based PSIs demonstrate superior
clinical efficacy in restoring the shape of damaged structures during reconstructions.!> With
the advent of Additive Manufacturing (AM) and PEEK being a material compatible with AM,
biomedical applications have been significantly assisted for fabricating complex structures.'®
Computed Tomography (CT) images of a deformity are required for designing the PSIs that
could further be reproduced using AM. Traditional metal PSIs made of Ti-6Al-4V suffer from
the "stress shielding" drawback, as they have a much larger elastic modulus than natural bone,
which is joined with the metal PSI during any reconstruction procedure. This could lead to
loosening of the PSI and ultimately its failure. Due to these reasons, selecting a PSI material
such as PEEK (which has similar biomechanical properties to natural human bone) would
alleviate the reconstruction procedures from such threats.!”

Higher accuracy, improved stability, predicted outcomes, and custom shape design are some
of the important benefits of digitally generated PSIs.!8 In relation to custom-made PSIs, limited
challenges related to infection, foreign body reaction, and displacement have been observed.!®
For placing a PSI in conjunction with a skull bone, fixation plates are attached to keep the joint
between PSI and bone reliable while performing the reconstruction procedure. Precise holes
need to be drilled within the skull bone and PSI as per the fixation plate design, while micro-
screws are used to fix plates with the assembly. With a dissolving point between 334°C and
343°C and a temporary use temperature of up to 300°C, PEEK is extremely tolerant to heat
inside the human body. In addition to being non-toxic and easy to sterilize, it is also strong,
unyielding, and safe from chemicals, fatigue, and creep.?’

To examine the biomechanical performance of different PSI materials, the FEA approach has
been well reported. Eight to ten fixation points were used with cranial PSIs and ANSYS 15
was deployed for evaluating von Mises stresses and deformations for materials like Ti-6Al-4V
and PEEK.?! PEEK material would save time-consuming alterations while simultaneously
enhancing the fit, stability, and robustness of the PSI. Using Finite Element Method (FEM),
Digital Imaging and Communications in Medicine (DICOM) data, which consists of images
obtained from different angles of a skull, can be used to generate a 3D assembly CAD model
of the damaged skull, PSI, and fixture plates.?? The location of fixture plates on the skull-PSI
interface is critical for a safe design. A fixation system should be made up of biologically inert
materials, allow accurate repositioning of the bone flap between the surface of the bone flap
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and the surface of the surrounding bone, be rigid and long-lasting, and should be convenient to
attach.?3

Fixture plates are used to attach a PSI with a defective skull to repair the defect with a seamless
joint at the interface, by supporting the complete Skull-PSI-fixture plates assembly. The
stability of a PSI relies upon the type, size, number and location of the fixture plate, such that
they could sustain external loadings without failure.

Currently there are no set guidelines or recommendations for a surgeon to decide on the
number, shape and location of the fixture plates while performing such a reconstruction
surgery, that could save on time and effort in relation to surgical planning. A pre-planned PSI
used in such a surgery needs to be optimised for minimal weight and high mechanical strength,
in order to sustain external loading conditions, such that the patient could confidently restore
normalcy, post this reconstruction procedure.

Therefore, a comprehensive solution to optimise the design and application of fixture plates for
attaching a PSI to a defected skull during cranial reconstruction has been proposed. The study
focuses on determining the optimal number, shape, and location of fixture plates and keeping
the Skull-PSI-fixture plates assembly lightweight and safety against failure when subjected to
heavy external loadings This solution aims to minimise a surgeon's effort and time on the
operating table, streamline surgical procedures and reduce a patient’s exposure to anaesthesia,’*
thereby influencing the overall surgical efficiency.

Key Contributions

e Optimised Number of Fixture Plates: Proposing optimised number of fixture plates as
three that would sustain failure against external load with minimal efforts of a surgeon
in fixation.

e Curved Fixture Plate Design: Demonstrates the benefits of curved fixture plates over
conventional straight designs by eliminating the need for manual bending, thereby
reducing the surgeon's operative time and effort.

e Lightweight PSI Design: Utilises density-based optimisation to develop lightweight
PSIs that maintain the requisite mechanical strength to withstand external loading
without failure.

e Improved Surgical Efficiency: Streamlines the installation of fixture plates and
assembly of PSIs, reducing overall surgical time and anaesthesia exposure for patients.

2. Materials and Methods

A patient with severe brain injury resulting from a car crash underwent cranial excision at
Government Medical College and Hospital (GMCH), Sector-32, Chandigarh, India. For
cranioplasty, a CT scan was conducted using the Philips Ingenuity 64-slice CT machine.
Various design options for Skull-PSI assembly were analysed to determine the most suitable
number and shape of fixture plates attachment and location on the interface. Figure 1 illustrates
the process with steps for generating cranial reconstruction models from digital CT scan data,
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including suitable fixture configurations using ANSYS simulations.?? First, a CT scan of a
patient’s defected skull is obtained and transformed into a DICOM format. Volume rendering
and segmentation methods are used to handle these data for defect visualization and
reconstruction. A Standard Tessellation Language (STL) file format is supplied with the
acquired data for 3D modeling. A Skull-PSI-fixture plates assembly is then made, which
includes different numbered and shaped fixture plates. These fixture plates were proposed in
two shapes: straight and curved.

Further this assembly was investigated for different number of fixture plates as four, three and
two for both fixture shape options, to evaluate the optimal Skull-PSI-fixture plates assembly
design that would be able to resist external loads without failure.

Four Fixture
Arrangement

Number of

Fixtures ‘

Cranio-Facial |
Fixtures
Combination of
Different Shapes
and Quantity

N

—_——
| Export STL

| File Format
)

[Defect Visualisation
and Reconstruction
Volume Rendering

and Segmentation

Shapes of Optimisation

Skull-PSI
Assembly

Fixtures

Straight

Fixture Plates | | |
L Two Fixture
Arrangement

Figure 1: Methodology for generating cranial reconstruction model using digitized CT
images

CT images of the patient, in DICOM format, were used for planning the PSI. A 3D assembly
CAD model of the defected skull, including the PSI and fixture plate system, was developed
using FEM. The boundary conditions considered were an Intracranial Pressure (ICP) of 15
mmHg and an external force of 950 N, which is experienced by human skulls during real-world
scenarios related to collision forces during trauma cases, including free falls, and road
accidents.?> An average external load of 950 N is considered as equivalent to the load applied
by a ball traveling at an average speed of nearly 16 m/s.?6 This load was applied across four
different directions over an evenly distributed area of approximately 3 mm? at the centre of the
implant, as shown in Figure 2. Figure 2 shows the top view of the Skull-PSI assembly and
nomenclature followed for various sides of the assembly for better understanding of loading
directions during analysis.
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Figure 2: Nomenclature of sides from the top view of the Skull-PSI assembly

2.1 Finite Element Method (FEM)
2.1.1 Defected Skull model

The data for the patient’s skull was provided in a DICOM file, in which CT scans of the
patient's skull were presented in a large dataset of 2D images. These 2D images needed to be
converted into a 3D model for further study. Therefore, the DICOM files were imported into
an open-source software called 3D Slicer, where the first step was to volume render using a CT
bone profile.?” After volume rendering, a threshold was set to differentiate between the skull
bone, tissues, and noise. This model was used to investigate the fault in three dimensions in
order to fully comprehend the situation. Then, the three DICOM file views (axial, sagittal, and
coronal) were utilized to determine the optimal geometry for analysing the entire cranial
defect.?® After applying volume rendering, segmentation, and surface smoothing, the skull
generated was in the form of a STL file. This STL file was used to create a solid model in
Autodesk Fusion. A 3D model of the defected skull based on a CT scan was exported in
Standard for the Exchange of Product Data (STEP) format, as shown in Figure 3(a).

2.1.2 Generation of Patient-Specific Implants (PSI)

The defected skull was then imported into Mesh Mixer, an open-source software used to reform
the missing parts of the skull. In Mesh Mixer, the defected side of the skull was first mirrored
with the non-defected side, using centre of the skull as the reference axis. Then, using the
Boolean command, an isolated model of the PSI was generated. Techniques to remove any
sharp edges, holes, uneven shapes, and non-functional portions were applied, and smoothening

http://mc.manuscriptcentral.com/(site)
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was done to complete the process, resulting in a final PSI, as shown in Figure 3(b). The file
was then exported in STL format for assembly with the defected skull.

Natural human bone material properties were considered for modeling the defected skull,
whereas PEEK material properties were considered for PSI. PSI materials other than
autologous human bone used for cranial defect repair and reconstruction must possess
properties such as biocompatibility, sufficient mechanical strength and lightweight. Ti-6Al-4V
has been one of the most reliable alternative materials used for such applications. However,
due to certain limitations of Ti-6Al-4V such as stress shielding effect, emission of toxic ions
causing osteolysis and allergenicity, and incompatibility with CT and Magnetic resonance
imaging (MRI), its mass and long-term stability within the body, other materials such as PEEK
are being widely explored for fabrication of PSIs.?? PEEK has a porous structure, which
enhances its load-sharing properties.’® If this PEEK based PSI could be optimised for
lightweight and reduced stresses, then it could have wider applications and demand for the
benefit of patients. Figure 3(c) shows the Skull-PSI assembly that would be further used for
fixture plate attachment to complete the assembly for further analysis.

(a) (b)

(©)

Figure 3: 3D model of (a) defected skull (b) PSI (c) Skull-PSI assembly
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2.1.3 Fixture plate design and assembly

For a stable Skull-PSI integration, fixture plates need to be joined across the interface, which
would keep the whole assembly safe when subjected to heavy external and internal loads. The
simplest shape for fixture plates is linear, and in this study for the sake of simplicity in design
and ease of handling, a linear design for the fixture plates was selected as shown in Figure 4,
which will be termed as straight fixture plate for ease of understanding and comparison with
other fixture plate designs.

Figure 4: Different views of a straight shaped fixture plate (all dimensions in mm)

A straight fixture plate would be easier to deform or bend due to the presence of a single plate
surface, to confirm the irregular or curved surfaces of a skull and PSI.3!- 32 To achieve proper
mating of the skull and PSI, their surfaces are chosen to be curved, due to which it could be
important to provide curvature to fixture plates also, as this would increase the contact surface
area at the interface. An increased surface area would provide larger surface contact and hence
could strengthen the overall assembly against failures.

Therefore, a curved fixture plate was also designed, as shown in Figure 5. These plates have
been formed to a curvature shape prior to being used in assembling the skull and PSI. It is
expected that due to this curved design, a surgeon would have ease of assembly both in terms
of time consumption and his/her manual effort that was being consumed in bending the straight
fixture plates. Ti-6Al-4V material was selected for the fixture plates due to their ease of
availability and high mechanical strength.®

Table 1 shows the properties of materials used for various components used in this assembly.
Cylindrical pins as shown in Figure 6, were used to attach fixture plates with the PSI and skull
assembly. Pins were preferred over screws for simplicity?® in design and application. The
material for the pins was also considered as Ti-6Al-4V.
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Figure 5: Different views of curved shaped fixture plate (all dimensions in mm)

Figure 7 shows the skull-implant-fixture plate assembly with the attachment of pins through
the holes in fixture plates and it was ensured that they do not penetrate through the skull and
PSI thickness to prevent any tissue damage within the skull. The pins provide a rotation-free
fit that prevent sliding when stress is applied.

Table 1: Properties of materials used in the assembly 2134

Page 10 of 31

Material Density Elastic Modulus | Poisson’s Yield
(component) (kg/m3) (MPa) Ratio Strength
(MPa)
Autologous Bone 4430 15,000 0.30 133
(defected skull)
PEEK (PSI) 1240 4,000 0.44 100
Ti-6Al1-4V (Fixture 4500 110,000 0.30 800
plate and pin)

Four straight fixture plates were symmetrically placed at four exterior sites® 333 as shown in
Figure 7. Apart from these, two other design configurations were also generated having, three
and two exterior sites. These four, three and two exterior sites were chosen to create a
symmetrical arrangement and to allow uniform stress distribution throughout the PSI boundary
to build a minimal support structure condition as shown in Figure 8.
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Figure 6: Cylindrical Pin used in fixation (all dimensions in mm)

Figure 7: Skull-PSI-fixture plates assembly with four straight fixture plates

40 Four (Figure 8(a)) exterior sites were chosen following previous studies® 33 36, while for
locating three exterior sites, a symmetrical triangle was formed to place three fixture plate
43 arrangements as shown in Figure 8(b). For locating two exterior sites, extremities of the cavity
44 of defect were selected to form a triangle and for symmetry, mid-points of the edges of this
45 triangle were used to place the two fixture plates, as shown in Figure 8(c).

48 It has been suggested that equal segmentation across the defected region could be useful in

49 simulating a symmetrical arrangement for uniform stress distribution across the boundary of
the PSI. Finally, these designs were validated by an experienced neurosurgeon.
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(2) (b)

(©)

Figure 8: Exterior site locations within the defected skull having (a) four fixture plates (b)
three fixture plates (¢) two fixture plates

2.2 Finite Element Analysis (FEA)

FEA study on four, three and two fixture plates-based Skull-PSI-fixture plates assemblies was
performed, using ANSYS 15 2022 R2. This was done to calculate von Mises stress (equivalent
stress) on the PSI after applying external load of 950N from four different directions as top,
left, right, directly on the PSI as shown in Figure 2.

2.2.1 Meshing

Using a quadratic element order and a tetrahedral element with a size of 1 mm, the span angle
is fine-tuned (12°-36°) with a high smoothing factor. After applying all the properties, the
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mesh was created as shown in Figure 9. The total number of nodes and elements formed in
different assemblies are as shown in Table 2.

oNOYTULT D WN =

n Table 2: Number of nodes and elements after meshing for various Skull-PSI-fixture
assemblies having curved shaped fixture plates

15 Number of Fixture plates Number of Nodes Number of Elements

18 4 323590 183556

3 294141 167012

23 2 271044 154145

37 Figure 9: Meshing for Skull-PSI-fixture plates Assembly (four straight fixture plates) and
across various components

41 2.2.2 Boundary and Loading Conditions

43 Several static boundary conditions, such as external load, ICP, and immobilization support,
44 were indicated to analyse the performance of PSI and fixture plates. The combined Skull-PSI-
fixture plates plate assembly was subjected to an external load?® of 950 N, from four different
47 directions- top of the skull, left and right sides of the skull and directly on the PSI as shown in
48 Figure 2. The effect of this static external load from all the four directions, on various Skull-
PSI-fixture plates design assemblies has been analysed for von Mises stress distribution across
51 the PSI using FEA.

53 If preloading within the pins is considered as bolt pretension then3”:
1 b
56 P=ﬁ(GXTD2)_F (1)

59 where
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P is the bolted preload,

FOS is the Factor of safety

o is the yield strength of the bolted material,
D is the diameter of the pin,

F is the external force applied

As yielding involves rapid accumulation of microdamage within the bone, safety factors for
yield strain instead of ultimate failure strain of bone tissues need to be considered as 1.4 to
4,138

ICP is the pressure that fluids, including cerebrospinal fluid (CSF), exert on the brain tissue
inside the skull. Age, body position, and how it affects the post-surgery skull transplant all
affect it differently. For adults, the ICP should be between 7 mmHg and 15 mmHg.® The upper
limit of ICP was used as 15 mmHg, as shown in Figure 10 (a).

A fixed support is applied to the base of the Skull-PSI-fixture plates assembly, as shown in
Figure 10 (b). After defining the boundary conditions, mechanical ANSYS Parametric Design
Language (APDL) was used to analyse the static structure.

0.00 5000 100.00 (mm) 0.00 50.00 100.00 (mm)

I
25.00 75.00 25.00 75.00

(a) (b)

Figure 10: (a) Red coloured section indicating presence of ICP (b) Blue coloured boundary
showing region of immobilization support

2.3 Optimisation for mass reduction of PSI
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ANSY S Mechanical structural optimisation is often utilized to decrease bulk, enhance stiffness,
and decrease weight. It can also create castable structures and determine the best material
distribution in a predefined design space. Based on the characteristics of the design variables,
the structural optimisation model can be divided into three categories: continuous variable,
discrete variable, and continuous and discrete mixed variable. In general, structural
optimisation design can be classified into three levels: size optimisation, shape optimisation,
and topology optimisation.>® Here, optimisation was applied to the PSI to reduce its overall
mass.

ANSYS Mechanical 2022R 1 was used to apply Topology optimisation. Topology optimisation
is a structural design technique that may achieve the ideal structural configuration by
distributing materials uniformly while meeting the predetermined performance, load and
constraint requirements.*? There are several topology optimisation techniques such as Density-
based, Level Set based and Mixable density, that explain the forms they entail using various
representations. Density-based optimisation approach had been preferred, which was based on
optimisation of the density of each model element. It uses Solid Isotropic Material with
Penalization (SIMP), in which density was not continuously varied but was instead driven to
approach 0 or 1.4!

When the static structural analysis of the Skull-PSI-fixture plates assembly was completed, we
proceeded with structural optimisation by introducing a new simulation block. First, the Design
and Exclusion regions were determined, then the PSI geometry was selected for the design
zone, whereas boundary criteria were used in the exclusion region, as shown in Figure 11.

0.00 5000

(a) (b)
Figure 11: (a) Design region for optimisation (b) Red portion is excluded region

Then, the objective function and response constraint were defined. In this case the minimization
of the mass was the objective function. This objective is given as below
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Minimize Mass
Subjectto: F (0 (x)) <0,V x € Q (2)

The material failure function F depends on the stress field ¢ (x) and strain field ¢ (x), and all of
them are defined in an original domain Q. Using characteristic functions to formulate (2) as an
issue of material existence or non-existence results in an ill-posed problem and the possibility
that there is no minimum. One potential solution to this problem is to use porous materials to
include intermediate values between solids (p = 1) and voids (p = 0).#> Out of several
options, the SIMP technique, was used in this paper. Taking the
relative density 0 < p < 1 as the design variable® the constitutive behavior
of the microstructure is described by relating the elasticity tensor D, with the elasticity tensor
of the solid material D as follows:

D, = fp (p) D* = pPD° 3)
With these assumptions in hand, the original problem may be written as a new one stated as

Problem P1:

Min et o) M (P) = Poofp(X) dQ (4)
Subject to: p (x) F (0 (x)) <0 a.e.in Q

Due to its applicability to a wide class of materials and to its simplicity, the von Mises failure
criterion is one of the most frequently used expressions,* and is given by

FVM (G) :(GVM /Gadm) -1 ’ (5)

where 6,4, 1s the material yielding stress and oy, is the effective von Mises stress. When the
density reaches zero, significant deformations may occur due to the low stiffness, resulting in
substantial, but finite, local stresses. The Stress-Singularity Phenomenon occurs when local
restrictions saturate and lock the material-removal process.> Many authors reduce stress
requirements, allowing for greater values as density reaches zero while still satisfying the initial
limitation for solid materials.*®-47 Then, constraints are transformed in

g, (x) =p(x) F(o(x)) - (1-p(x)) £0, a.e.in Q,

0<e2 < p,n < p(x) =<1, VxeQ (6)

where ¢ is a relaxation parameter. Taking this proposition into consideration, the problem was
rewritten as

Problem P2:

Min peipi) m (p) = p0 of P () dQ, @)
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Subject to: g, (x) < 0 a.e. in Q,

where K, (€2) is the design space of density fields:

oNOYTULT D WN =

K, (Q)={plpEL®(Q),0<e < ppyy < p (x) <1},

10 Response constraint was set to retain firstly, (by default) 50% of mass then decrement of 10
was followed till 10% mass retention was obtained. A sequence of points on a face of the
13 tetrahedron was generated using an active set algorithm, which solved the minimization of a
14 quadratic function within the box constraints as mentioned above. This process continued until
a minimizer of the objective function on that face or a point on the border was achieved. FEA
17 was performed for the Skull-PSI-fixture plates assemblies in both pre and post optimisation
18 conditions.

20 3. Results

A 950 N external loading was applied to various (four, three and two fixture plates) Skull-PSI-
24 fixture plates assembly configurations across the four directions, to understand the optimal number
25 of fixture plates for safety against failure to external loading.

27 3.1 Skull-PSI-fixture plates assembly with Four Straight and curved fixture plates

Deformation and von Mises stresses were calculated on the Skull-PSI-fixture plates Assembly
31 with four straight and curved fixture plate designs as was shown in Figure 7 and Figure 12
32 respectively by applying forces across the four different directions.

34 A representative contour using FEA for such an arrangement (four curved fixture plates) has
been shown in Figure 13. FEA results for von Mises stresses for both design assemblies
37 subjected to the four external loading directions (top, left, right and directly on the PSI) have
38 been shown in Table 3.

56 Figure 12: Skull-PSI-fixture plates assembly with four curved fixture plates
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Figure 13: von Mises stress distribution on a Skull-PSI-fixture plates assembly (four curved
fixture plates)

For the applied external loads, the von Mises stresses within the PSI were found to be safe and
within yielding limits as shown in Table 3.

Results indicated reduced von Mises stresses within the PSI for the curved fixture plates
assembly in comparison to straight fixture assembly by an average of 38.31%. Also, if bolt
pretension was being considered along with external loading, then von Mises stresses within
the PSI increased significantly for the curved (23.34-72.59 MPa) but remained within the
yielding limits, hence no would be able to sustain external loading without failure.

For optimisation, various other design arrangements for the Skull-PSI-fixture plates assembly
were then explored for three and two fixture plates, both having straight and curved plate shapes
and the complete procedure for FEA was repeated.
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Table 3: Equivalent von Mises stresses and reduction in % von Mises stresses between
straight and curved fixture plates for Skull-PSI-fixture plates assembly with four fixture

plates
Number of Direction of
fixture external load Equivalent von Mises Stress at Reduction in
plates applied Maximum Deformation (MPa) % von Mises
stresses
between
straight and
Straight fixture | Curved fixture | curved fixture
plates plates plates
Top of skull 15.97 10.96 31.35
4 Left side of skull 27.25 12.85 52.86
Right side of skull 6.98 4.32 38.04
Directly on PSI 83.56 57.66 31.00

3.2 Skull-PSI-fixture plates Assembly with Three Straight and Curved Fixture Plates

The fixture plates in both straight and curved shapes were attached as shown in Figures 14 (a)
and (b) respectively.
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Figure 14: Skull-PSI-fixture plates assembly with three (a) straight and (b) curved fixture

plates

Table 4 shows the comparison of von Mises stresses within the PSI for these two arrangements
under the same loading conditions as experienced by four Skull-PSI-fixture plates assemblies.
PSI with curved fixture plates showed reduced von Mises stresses by an average of nearly 36%
in comparison to PSI with straight fixture plates.

Table 4: Equivalent von Mises stresses and reduction in % von Mises stresses between
straight and curved fixture plates for Skull-PSI-fixture plates assembly with three fixture

plates

Page 20 of 31

Number of
fixture plates

Direction of
external load

Equivalent von Mises Stress at
Maximum Deformation (MPa)

Reduction in %
von Mises

applied stresses between
straight and
Straight fixture Curved fixture curved fixture
plates plates plates
Top of skull 20.07 15.04 25.08
3 Left side of skull 33.57 13.86 58.70
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Number of
fixture plates

oNOYTULT D WN =

Direction of
external load
applied

Equivalent von Mises Stress at
Maximum Deformation (MPa)

Straight fixture
plates

Curved fixture
plates

Reduction in %
von Mises
stresses between
straight and
curved fixture
plates

Right side of skull

7.40

5.19

29.88

Directly on PSI

93.35

65.03

30.33

23 Overall, there was an increase in stresses exhibited within the PSI, as compared to a four
24 fixture plate assembly, however, the stresses remained within the yielding limits. Here also, if
25 bolt pretension was being considered, then von Mises stresses within the PSI again increased

significantly for the curved fixture plates (17.45-96.94 MPa), but remained marginally within

28 the yielding limits, thereby suggesting an optimal solution for cranial reconstruction.

31 3.3 Skull-PSI-fixture plates Assembly with Two Straight and Curved Fixture Plates

35 Similar procedure was repeated for a two fixture plate assembly arrangement as shown in
36 Figure 15 (a) and (b) for straight and curved shaped fixture plates respectively.

(@)

(b)

58 Figure 15: Skull-PSI-fixture plates assembly with two (a) straight and (b) curved fixture

plates
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As the curved fixture plate design arrangement provided safer von Mises stress results for the
PSI in four and three fixture plate design arrangements, a similar trend was observed for the
two-fixture plate design arrangement. One fixture plate from the three-fixture design assembly
was removed that experiences minimum stress and the other 2 fixture plates were adjusted to
get minimum stress possible. Table 5 shows the comparison of von Mises stresses within the
PSI for curved fixture plate designs for all four, three and two fixture plate design assemblies.
Except for the case when the external load was directly applied on the PSI, the von Mises
stresses exhibited within the PSI remained within yielding limits for two fixture plate dressing
assembly also.

Overall, as expected there was an increase in stresses exhibited within the PSI, as compared to
the four and three fixture plate assemblies, however, the stresses remained within the yielding
limits.

Compared to the four fixture-based assemblies, stress within the PSI for three fixture assemblies
increased within a range of 8% to 37% while for two fixture assemblies, this increase was within
a range of 38% to 95%.

Table 5: Ratio of stresses within the PSI for two, three and four curved fixture plates Skull-
PSI-fixture plates assembly when subjected to 950 N external load

Direction of external Equivalent von Mises Stress at
load applied Maximum Deformation (MPa) Ratio of von Mises
Two Three Four stresses for
Two: Three:
Four fixture plate
assemblies
TOp of skull 18.10 15.04 10.96 1.65:1.37:1
Left side of skull 17.71 13.86 12.85 1.38:1.08:1
Right side of skull 6.02 519 430 1.39:1.20:1
Directly on PSI 112.80 65.03 57 66 1.95:1.13:1

3.4 Density-based optimisation on Skull-PSI-fixture plates assembly

Optimisation was performed to reduce deformation and stress distribution within the PSI for
three and four fixture plate design assembly arrangements. During the process of density-based

http://mc.manuscriptcentral.com/(site)
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or gauge optimisation and stiffness optimisation, mass retention was used to determine the mass
of material to be retained. For density-based optimisation, retention was expressed as the mass
percentage of the total mass of the complete design space. An optimal mass retention percentage
was observed at 20%, with a reduction in mass which is equivalent to only 7 grams of PSI, that
could sustain external loads without failure, as shown in Figure 16. Table 6 shows the stresses
exhibited within the optimised PSI for both design assemblies.

The von Mises stress distribution is compared for each of these PSI design assemblies in Table
6. It has been observed that PSI for curved fixture plate assemblies exhibit lower stresses than
their straight fixture plate counterparts, post optimisation also. Therefore, it could be suggested
that curved fixture plate assemblies have always been more effective in reducing stresses within
the PSI in comparison to straight fixture plate assemblies.

In addition, a three fixture plate design provides satisfactory von Mises stress results for the
complete assemblies, which are preferred over four fixture plate designs as lesser number of
plates, pins and drilled holes lead to saving of a surgeon’s time and effort in fixation.

ﬁ. m)

I
12.50 37.50

Figure 16: Optimized PSI model (with 20% mass retained)

Table 6: Ratio of stresses within the optimised PSI (7 grams mass) for three and four curved
fixture plates Skull-PSI-fixture plates assembly designs subjected to 950 N external load

Direction of external Equivalent von Mises Stress at
load applied Maximum Deformation (MPa) Ratio of stresses for
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Three fixture Four fixture | curved fixture plates in
plates plates Three: Four
assemblies
Top of skull
25.891 27.89 10:11
Left side of skull
64.805 62.805 26:25
Right side of skull
ight side of sku 4.5878 2.6733
2:1
Directly on PSI 3871 11.522 05

For the three fixture plate design assembly, with the assistance of density-based optimisation,
it was observed that these stresses dropped to 4.59 MPa to 64.81 MPa in comparison to the pre
(5.19 MPa to 65.03 MPa as shown in Table 5) optimisation cases, within the PSI. Hence, a
light weight PSI of 7 grams is able to resist a heavy external load of 950 N without mechanical
failure, with the assistance of density-based optimisation is a significant finding in the domain
of designing suitable Skull-PSI-fixture plates assemblies.

4. Discussion

PEEK-based PSIs have been used to reconstruct cranial defect cavities by attaching a suitable
number of fixture plates across the Skull-PSI interface. Such arrangements require optimisation
of the shape and number of fixture plates to minimise the PSI mass without failure under
external loading, while also reducing the surgeon’s effort and time in fixing these plates.

An external load of 950 N, sufficient to jeopardise a cranial reconstruction procedure, was
considered and applied from four different, most probable loading directions on a Skull-PSI-
fixture plates assembly. Ti-6Al-4V material was considered for the fixture plates, while
autologous bone was assumed for the skull. Based on the structure of the Skull-PSI-fixture
plates assembly, designs with four, three, and two fixture plates were explored and
symmetrically fitted across the interface to ensure uniform stress distribution across the PSI.

Assemblies with four, three, and two straight-shaped and curved-shaped fixture plate designs
were investigated using FEA to determine the von Mises stresses within the PSIs. It was
observed that the curved fixture plate design provided larger surface contact support, thereby
significantly reducing the stresses within the PSI compared to the straight fixture plate design.
This also implied easier handling and fitment for the surgeon during the procedure, as they
would not need to spend time manually bending the plate for fixation.
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In comparison to the four fixture plate based design assemblies, von Mises stresses within the
PSI for three fixture based assemblies increased by 8% to 37%, while for two fixture plates
based assemblies, the increase ranged from 38% to 95% across various loading directions.
Despite the increase, the values remained within the yielding limits of PEEK (100 MPa).
However, under loading conditions directly on the PSI, the two-fixture plate design (112.8
MPa) experienced failure. Therefore, it is suggested that, under such high external loading and
given the size of the skull-PSI, a two-fixture plate design may not be suitable.

A further density-based optimisation study was conducted, resulting in an optimised PSI mass
of 7 grams. The corresponding FEA studies revealed that von Mises stresses within the PSI for
three fixture plate design assemblies ranged from 4.59 MPa to 64.81 MPa, while for four fixture
plate design assemblies, the range was 2.67 MPa to 27.89 MPa, both remaining within the
yielding limits.

The presence of a larger number of Ti-6Al-4V material-based fixture plates located at critical
stress concentration sites and near protruded sections, rather than coinciding with the protruded
sections, is suggested as a primary factor in ensuring PSI safety against failure.48 The use of
two Ti-6Al-4V material-based pins on each side of the plate provides greater stability and
reduces the likelihood of failure, as compared to a single screw during major procedures.49, 50
Additionally, due to their larger surface contact area, curved fixture plates reduced stresses by
nearly 36% to 38%, which could also be a significant factor. As a result of these design
optimisations, a 7 gram PSI capable of sustaining 950 N external loading without failure has
been successfully proposed.

5. Conclusion

Challenges in providing a lightweight, load-bearing, and biocompatible PSI for successful
cranial reconstruction, ensuring patient comfort and minimal revisit still persist. In this study, a
novel design approach was utilised for assembling the skull-PSI with an optimal number of
fixture plates and redesigned their shapes to ensure that the overall mass of the PSI remains
low. Using PEEK as the biocompatible material for the PSI instead of Ti-6Al-4V enables weight
reduction, while Ti-6Al-4V is retained for the fixture plates.

The location of these fixture plates across the PSI-skull interface is critical, as it can
significantly reduce von Mises stress distribution across the PSI and ensure safety against
failure under heavy external loadings. It was observed that a 7-gram PSI could sustain external
loading of nearly 950 N without failure, exhibiting stress ranges of 4.59 MPa to 64.81 MPa for
a three curved fixture plate design assembly, and 2.67 MPa to 27.89 MPa for a four curved
fixture plate design assembly. Since the yielding point of PEEK is 100 MPa, both design
arrangements are considered safe. While a two curved fixture plate design assembly was also
explored, its vulnerable performance under certain loading conditions suggests it may not be
suitable.

Curved fixture plates play a critical role in reducing stresses (by 36% to 38% compared to
straight-shaped fixture plates) due to their larger surface contact area with the PSI and skull.
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Additionally, these plates save a surgeon’s time and effort in bending straight-shaped plates for
proper fitment. A four fixture plate design would require drilling four additional holes—two
each in the skull and PSI—and placing and fitting four additional pins. Therefore, a three fixture
plate design assembly is preferable, as it maintains stress levels within yielding limits while
reducing complexity.

For ease of surgical planning and improved surgical efficiency, a three curved fixture plate
design assembly is recommended over a four-plate design. In conventional surgery, a surgeon
may spend approximately two minutes per plate bending the fixture, ten minutes per plate
planning location and orientation, and one minute per hole drilling requisite holes in the PSI
and skull. For surgeries involving three fixture plate systems with twelve holes (four per plate),
this process can take 40 to 45 minutes in addition to the actual surgical procedure. The proposed
design arrangement reduces this process to 15 to 20 minutes, as the location and curvature are
pre-planned during the FEA study, and the holes can be pre-drilled in the PSI, saving additional
operative time. This approach could improve overall surgical efficiency by nearly 50%,
primarily by reducing time spent on location, fitment, and assembly of fixation plates.

With this significant time savings, a patient’s overall exposure to anaesthesia could also be
reduced, lowering the risk of unexpected allergic reactions, excessive pain, and hypoxia.

In conclusion, cranial reconstruction procedures could greatly benefit both surgeons and
patients in terms of time, effort, planning, comfort, and efficiency based on the novel design
findings of this study. Manual estimation of the curvature, location, and shape of a fixture plate
can lead to inaccuracies and suboptimal results, as no predefined guidelines exist, leaving
surgeons to rely on their experience for fitment. Design optimisation, achieved by altering the
location, shapes, and number of fixation plates to reduce the overall PSI weight, could play a
transformative role in planning complex reconstruction and repair procedures, especially where
implant size and shape are constrained.
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