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Abstract 

  

 Construction of patient’s specific 

cranial implant with a porous structure 

improves the implant design, surgical 

planning, implant-tissue interaction and 

surgeon's accuracy. In the last few decades, 

even though many researches have 

underwent in developing bio implant 

materials for cranioplasty, surgeons are still 

facing difficulties in developing optimal 

design for safe and more accurate 

reconstruction of cranial implant. In this 

study, CT SCAN containing voxel data 

based DICOM images of the patient skull is 

converted into triangle data based STL file. 

The temporal damaged portion of the skull 

is reconstructed into a 3D patient specific 

cranial implant using available commercial 

software. The mechanical performance of 

reconstructed cranial implant with different 

bio - implant materials (Poly Ether Ether 

Ketone (PEEK), Poly Methyl Metha 

Acrylate (PMMA) and Titanium alloy 

(Ti6Al4V)) and external deformity by two 

fixture conditions (8 and 10 fixation points) 

has been carried by finite element study. 

The results reveals that, Ti6Al4V shows less 

deformation and PEEK exhibit lesser 

equivalent stress under 15 mm Hg of 

intracranial pressure when compared to 

other selected bio - materials.  
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I. INTRODUCTION 

 

 Cranioplasty is reconstructive surgical process by which defective part on the skull is 

repaired by specific cranial implant [1-3]. In the seventeenth century, the first true and 

successful bone graft, which was performed with bone from a dead dog cranium [1]. 

Although allograft bone transplantation is the best way of cranioplasty but it has some 

complications, availability of donor, infections and layer complex defect [1-2, 5]. Last few 

years many of researchers have been working on developing optimal materials with osteo 

integration and implant model creation [3]. 

 

3D modeling of the human anatomy is made possible by advancements in medical 

image processing technologies, such as CT or MRI. Based on the patient's CT or MRI scan 

information, a customized cranial implant is created and made [5–6]. DICOM files are 

composed of a variety of tissues, including skin and bone, and are created by combining a 

sequence of X-ray images taken at different angles from a CT scan. Transferring into a 3D 

representation of a particular part is necessary [7-8]. In a DICOM file, picture segmentation 

aids in the isolation of objects from other images [7, 9–11]. By choosing the proper threshold 

range, one of the simple methods for creating a binary picture from a grayscale image that 

has all the necessary information regarding the shape and location of the implant is image 

segmentation by thresholding. [7, 9-10].  

 

The stereo lithographic type (STL) CAD model, which has a meshed structure with 

varying face sizes, is saved as a result of the slicer program. It has been discovered that 

implants with pores are more effective than those without. The implant's pores aid in 

biomineralization for improved fitting, faster healing, and interfacial adhesion with bone [12–

13]. Pore ingrowth should be between 500 and 1500 µm in size for optimal fluid 

transplantation and cell adherence [13-17]. Although the implant's pores offer numerous 

benefits, their ability to endure intracranial pressure is limited. The results of the 

mathematical study of implants show biological scenarios and are consistent with the model's 

actual functionality. FEA has been used more frequently in the medical field recently to 

analyze the human musculoskeletal system and to reconstruct biomechanics, evolutionary 

anthropology, and functional morphology [9, 13, 17–19]. In order to replicate the ideal 

cranial implant, it is important to investigate the structural alterations and failure behavior of 

the device under varied load circumstances, fixation points, and intracranial pressure. [2,9,13-

15,20].  

 

For cranioplasty, autogenous bone transplantation is the best option, however because 

of its complications, biomaterial implants are used instead. Common materials used to 

fabricate patient-specific cranial implants include titanium alloy (Ti6Al4V), polyether ether 

ketone (PEEK), hydroxyapatite (HA), and polymethyl (PMMA) [1,3]. PMMA is an easily 

accessible, reasonably priced, biocompatible material that may be 3D printed or molded. 

When it comes to molds, PMMA is pressed into them and let to cure. With a few small 

changes, it can be applied to the skull defect after cooling. PMMA has poorer mechanical 

qualities than cortical bone due to its low elastic modulus and air bubble secretion, which 

increases infection rates. Ti6Al4V exhibits a higher elastic modulus in comparison to PMMA 

and PEEK [21]. Owing to his increased stress-shielding action, the implant becomes looser 

and eventually fails because bone tissue around it absorbs. PEEK is a superior polymer with 

good mechanical, biological, and chemical properties when compared to other materials [22]. 
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As a result, it can lessen the possibility of osteolysis and bone resorption brought on by the 

implant's stress shielding action [23]. Its 93.7% success rate in cranioplasty is enhanced by its 

hardness, fatigue resistance, creep resistance, nontoxic qualities, and sterilizing capabilities. 

[1, 14, 24-26]. In contrast to conventional techniques, Additive Manufacturing (AM) has 

become widely used in the production of patient-specific cranial implants through the use of 

computer-aided design and reverse engineering techniques. [27]. 

 

According to the research, the design of the cranial implant heavily depends on the 

fixation and material characteristics like Young's modulus. We examine three distinct 

biomaterials under various load and fixation scenarios. The goal of this work is to use finite 

element simulation to recreate a patient-specific 3D CAD model of the cranium from 

DICOM pictures by integrating the design and analysis of a personalized cranial implant 

utilizing CAD tools and reverse engineering techniques.. 

 

II. MATERIALS AND METHODOLOGY 

 

1. Materials: Bio-implant materials, such as Poly Ether Ether Ketone (PEEK), Poly Methyl 

Metha Acrylate (PMMA), and Titanium alloy (Ti6Al4V), are taken into consideration in 

this study. Tables 1 and 2 summarize their mechanical and physical properties. It is 

assumed that the material has isotropic, homogenous, and linear elastic characteristics. 

 

Table 1: Material Properties of PMMA, PEEK and TI6Al4V 

 

Properties PEEK PMMA Ti6Al4V 

Density (gm/cc) 1.31 1.18 4.429 

Thermal Conductivity (W/mK) 0.252 0.167 – 0.25  6.7 

 

Table 2: Mechanical Properties of PMMA, PEEK and TI6Al4V 

 

Properties PEEK PMMA Ti6Al4V 

Yield Strength (MPa) 100MPa 72 MPa 800 MPa 

Young’s Modulus (MPa) 4000MPa 300 MPa 110000MPa 

Poisson’s ratio 0.4 0.38 0.3 

Flexural strength GPa 4.14 2.9 0.123 

 

2. Methodology: Using CT scanning, the patient's cranial defect is scanned to create the 

CAD model of the implant. The suggested methodology used in this investigation is 

depicted in Figure 1. The first step is data acquisition, during which the DICOM file 

format of the CT scan data of the patient with the cranial defect is obtained. This file 

contains metadata, which is used to reconstruct the CT model, such as slice thickness, 

spacing between slices, depth, dimensions, etc..  
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Figure 1: Reconstruction procedure form DICOM images to 3D CAD model 

 

The slicer software's image segmentation and geometric reconstruction techniques 

aid in the surface representation of a defective skull. A portion of the skull is extracted 

and stored in Stereo Lithographic (STL) file format by choosing an appropriate threshold 

range (1000–1500HU). It is simple to derive the patient's unique cranial implant 

dimensions and contour from this geometric model. The skull portion created from a 

DICOM file in Slicer program is seen in Figure 2. 

 

 
 

Figure 2: Conversion of skull part using slicer software 

 

After the geometry of the defect is known, the implant that will be implanted is 

created using the clay modeling approach with the aid of the Geomagic Sculpt software. 
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The defect is surrounded by a curve line, and a datum plane is introduced at a distance of 

about 5 mm from the defect that is perpendicular to the z-axis. This datum plane is used 

to project the 3Curve, which is then extruded as solid clay. A SubD surface covering the 

flaw is built from this. In accordance with design considerations, the surface is extruded 

for 4 mm, producing an STL file formatted three-dimensional patient-specific cranial 

implant model. The created implant's dimensions are slightly changed for a better fit, and 

it is re-fixed with the missing skull section for correctness. A laser smoothing instrument 

is used to smooth the implant. The defective skull portion of the GeoMagic Sculpt 

software is depicted in Figure 3. 

 

 
 

Figure 3: Defective portion of skull part 
  

Blood vessel and mineral circulation occur during the process of skin bio-

mineralization that occurs in between the inner dermis of the scalp and skull. Taking this 

into consideration, the implant is designed with 2 mm diameter pores spaced 20 mm apart 

to allow for optimal mineral exchange and bone regrowth. The 3D model of a cranial 

implant created using Autodesk Meshmixer program is displayed in Figure 4. 

 

 
 

Figure 4: Pore generation on Cranial Implant 



Futuristic Trends in Mechanical Engineering 

e-ISBN: 978-93-5747-709-3 

IIP Series, Volume 3, Book 6, Part 4, Chapter 1  

DISCUSSION ON MECHANICAL BEHAVIOUR OF CRANIAL  

IMPLANT THROUGH FE SIMULATION BASED ON CT IMAGES 

 

Copyright © 2024 Authors                                                                                                                  Page | 206 

 
 

Figure 5: Generated Cranial Implant with pores 

 

The 3D model of a particular cranial implant generated using the outlined is 

displayed in Figure 5. The model is composed of triangular facets with varying mesh 

sizes distributed throughout the design. To get around this, the GeoMagic Design X 

program converts STL files into STEP files. Meshfit and surface primitive are used to 

create a region on the model's top and bottom layers. On the impressions formed over the 

top and bottom layers, respectively, a line is drawn. The extrusion command is used to 

make the edges of the sketch created on the two regions solidify. The cranial implant 

phase file has now been received for examination. The Geomagic Design X software's 3D 

model of a cranial implant is shown in Figure 6. 

 

 
 

Figure 6: Conversion of STL to STEP file 

  

 



Futuristic Trends in Mechanical Engineering 

e-ISBN: 978-93-5747-709-3 

IIP Series, Volume 3, Book 6, Part 4, Chapter 1  

DISCUSSION ON MECHANICAL BEHAVIOUR OF CRANIAL  

IMPLANT THROUGH FE SIMULATION BASED ON CT IMAGES 

 

Copyright © 2024 Authors                                                                                                                  Page | 207 

Tetrahedral mesh elements discretize the cranial implant's STEP file. Every 

element in the file has the same 2 mm edge length. As edge length decreases, so do 

accuracy and file size. Figure 7 illustrates the volumetric difference between the meshed 

and unmeshed portions, which is shown to be within a 2% bound. 

 

 
 

Figure 7: Part with irregular mesh and refined mesh 

 

Comparison of mesh elements and nodes for cranial implant of two different cases 

is represents in Table 3. 

 

Table 3: Comparison of meshed components for 8 fixation and 10 fixation points 

 

       Case 1:  

8 Fixation points 

Case 2:  

10 Fixation point 

Element size Edge length 2 mm Edge length 2 mm 

Number of nodes 48863 55878 

Number of elements  28345 32855 

 

III.  RESULT AND DISCUSSION 

 

 To find the best implant material and fixture point design, three distinct implant 

materials with two different fixture point circumstances have been taken into consideration. 

A finite element analysis was performed on a cranial implant under static loading conditions. 

The edges are fastened under two different conditions—eight and ten fixation points—

because the implant is intended to be anchored on the skull. The craniospinal compartment is 

a closed system that contains a defined volume of neural tissue, blood, and cerebrospinal 

fluid. The implant fixation points enable the implant to respond in accordance with the 

developed intracranial pressure. Few literature reviews have come to the conclusion that the 

nominal intracranial pressure ranges from 8 to 15 mm Hg for a healthy adult. A static 

pressure of 15 mm Hg is delivered to the inner surface of the implant, uniformly dispersing it 

over the area, taking into account the intracranial pressure state. In circumstances (8-point 

and 10-point fixations), the solid portion experiences complete deformation and equivalent 

tension (von Mises stress).  
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Intracranial pressure deforms the implant; Figures 7 and 8 for 8 and 10 fixation 

points, respectively, demonstrate the generated deformation and equivalent von Mises 

stresses from the simulation..  

 

Case 1: 8 fixation points 

Material PEEK PMMA Ti6Al4V 

Equivalent 

Stress 

 
 

 

Deformation 

   

 

Figure 7: Equivalent stress and Maximum deformation for 8 fixation points 

 

Case 2: 10 fixation points 

Material PEEK PMMA Ti6Al4V 

Equivalent 

Stress 

   

Deformation 

   
 

Figure 8: Equivalent stress and Maximum deformation for 10 fixation points 

 

The simulated outcomes of a cranial implant under 15 mm Hg of intracranial pressure 

for 8 and 10 fixation points shown in Tables 4 and 5.. 
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Table 4: Total Deformation and Equivalent Stress for 8 fixation Points 

 

Case1: 8 fixation points structural analysis 

 PEEK PMMA Ti6Al4V 

Deformation(mm) 0.0014654 0.001942 0.000051312 

Equivalent Stress (MPa) 0.34965 0.36013 0.39143 

 

Table 5: Total Deformation and Equivalent Stress for 10 fixation Points 

 

Case2: 10 fixation points structural analysis 

 PEEK PMMA Ti6Al4V 

Deformation(mm) 0.00070274 0.00094763 0.000026836 

Equivalent Stress (MPa) 0.172731 0.17573 0.18586 

 

Figure 9 and Figure 10 shows the comparison of maximum deformation and 

equivalent stress developed due to the application of intra cranial pressure on the cranial 

implant. 

 

 
 

Figure 9: Comparison of deformation in 8 fixation and 10 fixation points 

 

 
 

Figure 10: Comparison of equivalent stress in 8 fixation and 10 fixation points 
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IV. CONCLUSION 

 

Three distinct materials—PMMA, PEEK, and titanium alloy—are taken into 

consideration throughout the design and development of the cranioplasty implant. The cranial 

implant has been sculpted from a DICOM image to an STL file, and then from a STEP file to 

a solid portion. On the solid cranial implant, pores were made for mineralization. An 

intracranial pressure of 15 mm Hg is applied to the implant's surface at fixation points 8 and 

10. Finite Element Analysis has been carried out to evaluate the equivalent stress and 

deformation of cranial implant with boundary conditions. With both 8 and 10 fixation point 

condition, Ti6Al4V shows lower deformation and higher equivalent stress. When PEEK 

compared with PMMA, PMMA shows higher deformation (4.77% and 1.03% increase in 8 

point fixation) and higher equivalent stress (1.35% and 1.03% increase in 10 point fixation) 

than PEEK.  
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