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 Abstract 

Rehabilitation of the cranium's bones is considered a complicated procedure that presents a challenge 

to the surgical staff. Typically, the primary focus when designing an implant should involve selecting 

optimal design techniques and materials. Material and design should provide a strong, comfortable, 

simple-to-fit, and attractive implant. Therefore, this study aims to design a suitable customized PEEK 

implant. Initially, 3D models of the damaged region were created using interactive CAD modelling 

techniques. While creating the implant model used mirror-based reconstruction. Furthermore, finite 

element analysis was implemented to evaluate the implant's stability and structural strength. Then 

morphological analysis was used to assess the precision of virtual fitting.  Finally, fused filament fab-

rication was used to manufacture it. Under simulation, the implant was subjected to a constant load of 

50 Newtons and intracranial pressures. According to the simulation results, the maximum Von Mises 

stress was about 22.057E-2 MPa, the Von Mises strain was 5.8135E-5, and the deformation was 

1.9103 µm. That means the maximum recorded stress is quite low in comparison with the material's 

yield strength. This reflects the ability to endure and maintain safety of the studied implant. While the 

morphological test showed that the exterior profile curvature contours were uniformly reconstructed, 

maintaining contiguity between the implant and the skull model, which indicates a suitable fit.  
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1. Introduction 

Cranium defects become more frequent due to increased 

traffic collisions, tumours, and calamities, thus increasing the 

demand for cranium repair (Obaeed & Hamdan, 2024). Cra-

nial abnormalities reconstruction is a great challenge to sur-

geons due to the particular cranial anatomy. The first step to 

solving cranial issues involves the correction of displaced cra-

nial bones and their replacement with adequate implants to re-

gain functionality (Mandolini et al., 2019). The complex op-

eration of treating large cranial defects was previously 

complicated by the requirement for hand manipulation with 

the use of two-dimensional (2D) imaging. This involved the 

shaping, modeling, and adjusting of the implant (of bone 

transplant, bone cement, or titanium mesh). This conventional 

technique led to complexity with unpleasing final aesthetic re-

sults. These methods evolved from manual shaping and cast-

ing-based techniques to use computer-aided design (CAD) 

and computer-aided manufacturing (CAM) (Bhargava et al., 

2010). This enabled the use of new materials in production, 

resulting in better overall quality and improved follow-up re-

sults. Three-dimensional (3D) printing has remarkably revo-

lutionized the production of medical prostheses. 3D printing, 

also known as additive manufacturing (AM), builds 3D ob-

jects by sequentially layering material  (Al-Wswasi et al., 

2025; Mansor et al., 2024). The technology of 3D printing has 

dramatically improved the ability to create objects with com-

plex geometries that cannot be made through traditional meth-

ods—a development particularly felt in the health care field  

(Neamah et al., 2024). Medical imaging data from computed 

tomography (CT) or magnetic resonance imaging (MRI) scans 

can be used for a 3D rebuilding of the human anatomy (Shiaa 

et al., 2024a).  Next, implants can be designed to fit these mod-

els perfectly. In designing cranial prostheses, these two factors 

should receive the most consideration, i.e., biocompatibility 

and patient-specific customization. The appropriate use of ma-

terials guarantees biocompatibility. The analysis of diagnostic 

imaging data acquired from patients enables customization. 
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Such data allows the accurate representation of skull injury 

and the associated skeletal structures. Implants are then tai-

lored to create the anatomy of each patient (Shiaa et al., 2023). 

There are usually two main design types for a skull injury re-

pair based on the complexity of the skull injury: 

• Mirrored reconstruction: This technique is based on the 

symmetry of bones and is the most effective when used 

on single skeletal injuries on the cranium (Kung et al., 

2020).   Cranial symmetry is the principle behind recon-

structing the missing bone segment using the mirrored 

healthy cranium from the other side. The advantage of 

this technology is its capacity to generate a customized 

cranial implant with a thickness that perfectly corre-

sponds to that of the cranial bone (Moiduddin et al., 

2017). However, a significant limitation of the approach 

is its inapplicability to asymmetrical body areas.  If the 

defect is located in the center of the cranium, the approach 

is unable to offer a healthy alternative. 

• Anatomical reconstruction: This method involves modi-

fying the surface shape by selecting two curves from the 

areas that were removed and using a reference curve to 

rebuild the bone structure (Harrysson et al., 2007).  The 

primary advantage is its applicability in both symmetrical 

and asymmetrical areas.  However, complex-shaped re-

gions need technical proficiency. 

Recent studies have focused on the implantation of bone tis-

sue with alternative materials.  Titanium (Ti) and its alloys 

have been widely used for decades in this field as a biocom-

patible metal material.  The commonest biomaterial used for 

implant reconstructions is titanium alloy (Ti6Al4V).  They 

provide several benefits, including enhanced biocompatibility, 

excellent mechanical properties, osseointegration capabilities, 

significant corrosion and wear resistance, and high strength 

(Trevisan et al., 2018). However, Ti is characterized by its 

high density, quick heat conduction, and absorption.  Conse-

quently, Ti is not appropriate for the replacement of bone tis-

sue that is susceptible to thermal sources.  Other drawbacks of 

Ti include its incompatibility with modern imaging technol-

ogy, its difficulty in processing, and its aesthetically unappeal-

ing colour difference from human bone in thin-skin areas.  Ad-

ditionally, titanium has a significantly larger modulus of 

elasticity in comparison to bone. The substantial discrepancy 

between the two often leads to implant failure due to the long-

term effects of stress shielding (Lee et al., 2012). Moreover, 

metallic implants subjected to radiation produce scattering 

rays that adversely affect tissues.  Consequently, studies have 

focused on evaluating possible Ti alternatives that can reduce 

the aforementioned limitations and decrease biological com-

plications following implant insertion. 

Biomaterials such as ceramics and polymers have been stud-

ied as craniofacial restoration alternatives to metals.  Polymers 

are particularly appealing for craniofacial repairs because of 

their favorable processability and cost-effectiveness relative 

to metals and ceramics.  In contrast to ceramics, which exhibit 

brittleness, these materials demonstrate resilience.  Further-

more, unlike metallic implants that may produce imaging ar-

tefacts, polymers are radiolucent, which allows for an unhin-

dered postoperative clinical diagnosis (Jindal et al., n.d.). 

Table 1 describes the mechanical properties of the primary bi-

omaterials used in cranium repair, namely titanium (Ti), 

polymethyl methacrylate (PMMA), and polyether ether ke-

tone (PEEK).  Additionally, it contains the characteristics of 

actual skull bone. PMMA was among the initial synthetic ma-

terials used in biological applications and is also utilized in 

cranioplasty. Furthermore, PMMA has a superior transplant 

success rate compared to Ti alloy (Lalegani Dezaki et al., 

2021). However, PMMA implants have inadequate osseointe-

gration characteristics (de Souza Leão et al., 2018). Further-

more, the unrefined methyl methacrylate constituent in 

PMMA comprises irritants (Becker et al., 2011). These factors 

lead to an increased need for biocompatible high-performance 

polymers like PEEK in skull repairs and orthopaedic surger-

ies. These materials are chemical-resistant, heat-resistant, and 

bone-like, making them a suitable surgical option for cranio-

facial reconstruction compared to metal components.  It is also 

compatible with medical imaging to assess fracture progres-

sion. Moreover, it is lightweight and has elasticity nearly that 

of human bone, in contrast to Ti, hence reducing stress con-

centration around the implant. In comparison to PMMA, it 

also has a high level of chemical and biological resistance, 

which reduces the probability that the body will react to the 

material. Therefore, PEEK material can be considered a more 

suitable material for implants to be able and endure physiolog-

ical loads while maintaining biocompatibility (Punchak et al., 

2017). Two common 3D printing processes for PEEK are 

fused filament fabrication (FFF) and selective laser sintering 

(SLS). In SLS, the powder is made to flow and is melted by a 

laser or electron beam to sinter the powder into a solid, as 

shown in Fig. 1. In contrast, the FFF printing process is when 

the filament is advanced to the printer with the aid of the feed 

drive. The process involves heating the material to the point 

of near-liquefaction, which is then extruded through a nozzle. 

The object is later on built over a printing bed in an incremen-

tal manner (Al-Bdairy et al., 2025; Jabbar et al., 2020; Saleh 

et al., 2025).   This is achieved with specially developed med-

ical-grade PEEK filaments and high-temperature FFF 3D 

printers for medical PEEK applications. In comparison with 

the SLS process, the FFF process is more attractive for its low 

initial capital investment, easy operation, and healthier work-

space (Singh et al., 2019).  However, there are still many dif-

ficulties in this method, such as temperature adjustment during 

the printing of PEEK, residual stress accumulation, and ani-

sotropy of 3D-printed FFF PEEK implants. Furthermore, 

PEEK is susceptible to warping and partial crystallization, 

which have a negative influence on the mechanical perfor-

mance of the part (Zanjanijam et al., 2020).  As a result, fun-

damental FFF processing parameters, like nozzle, chamber, 

print speed, and bedplate temperature, should be optimized to 

improve layer bonding and achieve the best results. 

Recently, many studies have been devoted to the study of 

3D-printed PEEK. (Petersmann et al., 2023) tested its print 

quality and mechanical strength at various build orientations 

(BO) and temperatures of airflow (AF). High mechanical 

strength is seen in prostheses printed in a horizontal orienta-

tion (BO 180º). The surface quality was good for BO 90º, but 



WAAD Q. SHIAA ET AL. / PRODUCTION ENGINEERING ARCHIVES 2025, 31(4), 517-525 
 

 519                                                                      ARCHIWUM INŻYNIERII PRODUKCJI 

 

Table 1. Mechanical characteristics of primary materials important 

for skull rebuilding (Luo et al., 2023). 

Material Young's 

modulus 

Ultimate ten-

sile strength 

Poisson’s 

ratio 

Density 

- GPa MPa - 𝑔/𝑐𝑚3 

Ti alloy 110 1300 0.30 4.42 

PMMA 3.0 72 0.38 1.18 

PEEK 3.5 105 0.40 1.30 

Cranial 

bone 

5.38 43 - 1.80 

 

only fair for BO 180º. Increased crystallinity and even color 

distribution, however, were associated with increased AF lev-

els. (Liu et al., 2023) a mechanical study was performed to 

evaluate the effectiveness of PEEK skull implants manufac-

tured by powder bed fusion (PBF) and FFF. The results show 

that the FFF prosthesis absorbed more energy during compres-

sive tests and impact tests than the PBF prosthesis.  (Sonaye 

et al., 2025) studied the influence critical FFF 3D printing pa-

rameters have on the mechanical and material properties of 

skull PEEK prostheses and on their impact resistance. The 

tests demonstrated that specimens printed at 0°BO, under ideal 

printing conditions, had an ultimate load of 2034 N. Further-

more, computational simulations, such as FEA, have become 

indispensable in the field of healthcare engineering and the as-

sessment of the integrity of skull reconstruction. FEA allows 

for mechanical strength and impact resistance analysis while 

pointing out the stress concentration in cranial implants with-

out conducting physical testing. Consequently, the outcomes 

of the assessments can be applied to the development of pros-

theses. (Huys et al., 2021) investigated the design for three pa-

tient‐specific cranium implants by FEA. The study comprised 

one PEEK cranial implant secured with tangential screws and 

two ceramic-titanium cranial implants secured with tangential 

or axial screws. The results indicate that the implant material 

and fixation method have significant influences not only on 

the location but also on the amount and distribution of stresses. 

(Moncayo-Matute et al., 2023) described the behavior of the 

implant to forces from the outside using FEA with PMMA and 

PEEK materials. This article discusses the economic ad-

vantages of PMMA in relation to PEEK. (Mejía Rodríguez et 

al., 2024) investigated PMMA and PEEK cranial prosthesis 

for the relationship between their thickness and displacement. 

The results support that PMMA implants with a thickness of 

approximately 4 mm, including perforations, would be an eco-

nomic alternative to PEEK prostheses. 

Numerous efforts have introduced significant progress in 

the recent past. However, further study is required to fully 

evaluate the biocompatibility and anatomical precision of the 

implants produced for the reconstruction of large defects. In 

addition, evaluating the implants for natural working condi-

tions and analyzing their compatibility with the surrounding 

bone structure is crucial to obtaining a favorable clinical re-

sult. Therefore, the aim of this study is to present a method for 

designing a patient-specific prosthesis and evaluate the accu-

racy of its virtual fitting. Initially, a numerical model of the 

skull, with a defective area, was created using an interactive 

CAD modelling technique.  After that, the geometry of the 

implant was designed using a mirror-based reconstruction 

method.  Furthermore, the method used FEA to evaluate the 

implant's strength and compare the distribution of stress and 

displacements, besides a morphological analysis to determine 

its accuracy.  A PEEK cranial implant was finally fabricated 

using FFF technology. 

 

 

Fig. 1. Various 3D printing techniques for the manufacture of 

PEEK implants. a) FFF and b) SLS. 

2. Materials and methods 

The process of designing a cranial implant involves four pri-

mary steps: rebuilding the 3D skull model, creating the cranial 

implant, attaching fixation components, and evaluating the de-

sign through simulation. Figure 2 illustrates the total progres-

sion of the design. A skull prosthesis is created from a 3D 

model and stored in standard tessellation language (STL) for-

mat.  CT scans are used to gather the patient's 3D images, 

which include details on their bones, muscles, skin, brain, and 

other organs (Shiaa et al., 2024b). For cranial patching, a seg-

ment of the cranial bones is removed from these 3D pictures.  

Following the creation of a 3D CAD model of the patient's 

cranial defect, reverse engineering was used to create the skull 

implant, utilizing the mirrored reconstruction approach. The 

strength and suitability of the design have been assessed by 

using simulation findings. Lastly, 3D printing is used to pro-

duce customized skull implants, which help a surgeon with 

preoperative planning by confirming the accuracy of the im-

plant's design and aesthetics. 
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Fig. 2. Flowchart for skull reconstructive surgery 

2.1. Acquisition of data and processing 

This article includes an examination at a case study from 

Saad Al Watary Neurological Sciences Hospital involving a 

patient who needed skull plates replaced. The patient had in-

juries in an accident, leading to a significant post-traumatic 

deformity in the left frontal bones. The significant bone defect 

was due to a decompressive craniotomy. Skull reconstruction 

was necessary for re-establishing the patient's facial attractive-

ness and the cranium's structural integrity.  The skull of a pa-

tient was scanned using a CT. The CT scan images were saved 

as DICOM (Digital Imaging and Communications in Medi-

cine) formats.  The DICOM data architecture consists of 467 

slices, each with a depth of 0.3 mm.  The DICOM file contain-

ing the 2D image layers obtained by the CT scan was loaded 

into Mimics, a medical image processing program. Subse-

quently, a region of growing selection was conducted, using 

the built-in greyscales.  Semiautomatic segmentation algo-

rithms built into the program were used to create a 3D volu-

metric model of the cranial structure. Figure 3 depicts the 

completed segmentation process from a completely imaged 

cranial to the targeted area of interest, namely the 3D cranial 

model (defect zone), excluding the neck and mandible.  The 

3D cranial model was preserved in the STL file format for the 

subsequent cranial implant modelling procedure. 

 

 

Fig. 3. Processing images to create a 3D volumetric model of the 

patient's skull. 

2.2. 3D modelling and designing processes 

The primary aim of this stage was to create a customized 

implant for the patient's cranium.  The STL file of the 3D vol-

umetric rebuilt model (Fig. 4a) was loaded into a medically 

approved CAD modelling program, 3-matic.  A mirror-based 

reconstruction method was used for the restoration of the skull 

damage. Initially, a mid-plane reference was determined, and 

the unaffected side was mirrored onto the affected side. For 

precise alignment and obtaining the outlines for implant re-

building, the reflected side was matched with the surrounding 

bone on the affected side (Fig. 4b). Afterwards, a curve was 

designed to indicate the defect boundary using curvature anal-

ysis (Fig. 4c). To ensure tangency across the implant and the 

cranial bone, it is crucial to delineate the curve around the an-

atomical defect in regions of low curvature. Following that, 

three equidistant sketch graphs were positioned perpendicu-

larly to the datum plane at various locations inside the cranial 

model (Fig. 4d). The contours derived from the intended cur-

vature of the unaffected and mirrored skull model were trans-

ferred into the individual designs, serving as reference planes 

for implant construction. The primary objective was to utilize 

those reference planes as anatomic limitations in determining 

the points for the thin-plate spline (TPS) approach (Fig. 4e).  

The TPS method interpolates and guesses absent data using 

comparable reference points found in the mirrored and defec-

tive cranial model.  Lastly, an internal coordinate system 

method predicated on anatomic-controlled deformation was 

used to produce the implant shape with a tapering edge that 

overlaps the adjacent bone. A "surface/triangle normal" or in-

ward-directed lowering surgery was then executed on the im-

plant to eliminate any impediments to its matching onto the 

skull model (Fig. 4f).  The customized implant was ultimately 

preserved and exported in STL file format for additional mod-

elling. 

 

Fig. 4. The process of designing a skull implant is illustrated sche-

matically.  a) a 3D cranial model, b) establish a datum plane and re-

flect the unaffected side onto the defective side, c) analyze and opti-

mize the curvature of a curve, d) sketch graphs with equal spacing 

that are vertical to the datum plane, e) form splines, and f) rebuild 

the skull using a cranial implant. 

2.3. Design fixation parts 

In order to secure the implant to the skull, it was necessary 

to include fixation components in the design of the implant.  

According to the patient's skull anatomy and deliberation with 

the surgeon, the skull implant was digitally designed with the 
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fixation pieces' location, form, and size in mind.  Throughout 

the implant's perimeter, fixation components were dispersed 

in accordance with the principal design criteria, which called 

for their placement on the thicker skull bone away from any 

nerve locations. A minimum of three fixation components is 

required for big skull implants to assist in the process of se-

curing the implant on the patient's skull. For optimal contact 

zone and aesthetics, the fixation components were placed tan-

gent to the cranium. Figure 5a shows the 3D model after cy-

lindrical screws were inserted.  The screw should be of an ap-

propriate length so it does not irritate the meninges, which is 

essential for the patient's safety.  As a result, the screw is 2 

millimeters in diameter and 4 millimeters in depth. Finally, the 

implant design with holes/openings was generated to soft tis-

sue interconnect, as shown in Fig. 5b. 

 

Fig. 5. a) Fastening screws skull implant. b) Cranial implant with 

fixation parts. 

2.4. Finite element model 

All phases of the FEA process were executed with the An-

sys® Mechanical program. For this analysis, a solid geometry 

was generated using the STL model of the skull implant ac-

quired. The mesh produced by 3Matic was corrected, 

smoothed, and homogenized using Ansys®'s SpaceClaim tool 

to provide an appropriate model for simulation. Subsequently, 

the solid model was produced through the process schematic 

shown in Fig. 6. Initially, 12 manually created patches were 

used to recreate the implant's curvature (Fig. 6b). The second 

step was to combine the 12 patches into one surface (Fig. 6c). 

Next, a solid model was obtained by offsetting the surface 

(Fig. 6d). Lastly, the model was utilized to create the 2 mm-

diameter holes that were used to secure the implant (Fig. 6e, 

f).  

FEA testing is run on the computational model in a static 

structural setting. For the case under study, the material prop-

erties of cranial bone and PEEK are assumed to be isotropic. 

In literature, the mechanical properties such as Young's mod-

ulus and Poisson's ratio are determined for both PEEK and 

cranial bone.  In particular, the PEEK implant's Young's mod-

ulus and Poisson's ratio are determined at 3.5 GPa and 0.4, 

respectively. The Young's modulus and Poisson's ratio for cra-

nial bones were determined to be 15 GPa and 0.3, respectively  
(Mejía Rodríguez et al., 2024). The replacement patch under-

goes two loads—one on its inside and one on its outside sur-

face. The maximal load, which is 15 mmHg and is comparable 

to intracranial pressure (Canac et al., 2020), was applied to the 

whole inner surface of the skull implant. Additionally, an out-

side force of 50 N was applied, which is equivalent to the mass 

of the person's head when they are in the lying position (Rid-

wan-Pramana et al., 2016). The cranium was a stationary com-

ponent, exhibiting no displacements.  

 

 

Fig. 6. Illustrates the workflow for generating a solid geometry for 

FEA.  a) Initiate the STL model, b) generate patches, c) combine 

patches, d) offset the surface, e) generate cylinders for apertures, 

and f) model apertures for fixation. 

3. Results and discussion  

3.1. Customized implant structure analysis 

This work identified the deformation, von Mises strain, and 

von Mises stress parameters on the skull implant as criteria. In 

order to conduct a convergence test, iterative processes is per-

formed with varying mesh sizes, and the change of maximum 

Von Mises stress with increasing number of elements was an-

alyzed.  The observed results indicated that the maximum Von 

Mises stress remained steady when the number of elements 

exceeded 29,424, as shown in Fig. 7. Additionally, the error 

ratio between subsequent meshes was less than 1%, indicating 

that the numerical convergence test was completed. The mesh 

with 38486 elements (61233 nodes) is used to achieve a bal-

ance between result accuracy and computational processing 

time. Initially, the FEA model was simulated under intracra-

nial pressure. A typical human body pressure is less than or 

equal to 15 mmHg.  Through this model, a pressure equal to 

or more than 15 mmHg, or about 2000 Pa (2 E-3 MPa), is ap-

plied to the full face, including the bone and implant. Subse-

quently, the cranial implant and skull are subjected to an out-

side load of 50 N, equivalent to the mass of the person's head 

in a lying-down state. Ultimately, an outside force of 50 N and 

an intracranial pressure of 2000 Pa were implemented. The 

simulation results, which compare the three cases throughout 

the three parameters, are presented in Figs 8, 9, and 10, as well 

as in Table 2. 

The findings of the simulation for case 1 involving intracra-

nial pressure are presented in Fig. 8. The implant structure has 

a deformation value of 5.3363E-4 mm, focused near the im-

plant's center. The implant designs have a very low strain 

value of 1.7135E-5.  An internal edge of the implant has a 

highest stress value of 6.5007E-2 MPa. Next, a force of 50 N, 

similar to the mass of a human head, applies through the outer 

surface to the inside. Figure 9 presents the findings of the sec-

ond case's simulation. In contrast to case 1, case 2 exhibits 
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significantly elevated deformation, stress, and strain values. 

The maximal deformation value in this instance is approxi-

mately 1.9103E-3 mm and is situated in proximity to the cen-

ter. The maximum strain value of the implant is approximately 

5.8135E-5, while the maximum stress value is 22.057E-2 

MPa. Finally, the outcomes from the simulation for case 3, 

which involved intracranial pressure and an outside force, are 

presented in Fig. 10. Relative to case 1, the deformation, 

stress, and strain readings in case 3 are dramatically increased 

and decreased compared to those in case 2. The highest defor-

mation value is at the outside force's location, about 1.3783E-

3 mm. A maximal stress value of 15.557E-2 MPa is observed 

in this case, with a maximum strain value of approximately 

4.1001E-5. 

 

Fig. 7. Maximum Von Mises stress vs. mesh element size. 

3.2. A morphological evaluation 

The morphological analysis included checking the virtual fit 

and curve continuity of the implant's design with the cranium. 

The STL file of the cranial model and the designed implant 

have been inspected in cross-sectional views across three 

planes. Figure 11 shows the y-, z-, and x-axis cutting planes 

for the implant and the skull model, respectively. The cross-

sectional analysis demonstrated a high degree of consistency 

in the external profile curvature curves between the cranial 

model and the designed implant, as illustrated in Fig. 11. The  

 

 

Fig. 8. Maps of case 1: a) Total deformation, b) Von Mises strain, 

c) Von Mises stress.  

 

Fig. 9. Maps of case 2: a) Total deformation, b) Von Mises strain, 

c) Von Mises stress. 

 

Fig. 10. Maps of case 3: a) Total deformation, b) Von Mises strain, 

c) Von Mises stress. 

Table 2. Simulation results for all cases. 

Case  Total defor-

mation (mm) 

Von Mises 

Strain 

Von Mises 

Stress (MPa) 

Case 1 
Min. 0 5.7091E-8 10.018E-5 

Max. 5.3363E-4 1.7135E-5 6.5007E-2 

Case 2 
Min. 0 2.1563E-8 8.1939E-5 

Max. 1.9103E-3 5.8135E-5 22.057E-2 

Case 3 
Min. 0 1.3011E-7 27.338E-5 

Max. 1.3783E-3 4.1001E-5 15.557E-2 
 

continuity between the implant and the cranial model was pre-

served, demonstrating an appropriate reconstruction for the 

patient.  

3.3. AM process for customized implant 

The INTAMSYS Funmat HT 3D printer can be utilized for 

the fabrication of personalized PEEK skull implants, working 

on the FFF principle. FFF is one of the most unpretentious and 

common AM techniques. The manufacturing of 3D-printed 

items is controlled by numerous parameters within this 

method  (Abdulridha et al., 2025; Hamed & Abbas, 2023). 

Therefore, it is essential to choose the right parameters while 
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fabricating any component. Table 3 includes the process pa-

rameters that were implemented during the manufacture of the 

PEEK skull implant. The PEEK filament, which has a diame-

ter of 1.75 millimeters, is introduced from a spool through a 

heated extruder head and then deposited on a platform that has 

been created. To generate the required form, the extruder or 

print head is moved in the X and Y dimensions according to 

the CAD model using computer control. After each layer is 

finished, the print head is shifted vertically in the Z-axis to 

begin a new layer of material. This process continues until the 

print is finished. Printing takes place in a sealed room with the 

following temperature settings: bed 130ºC, chamber 90ºC, and 

print 420ºC. To make a completely solid construction, the in-

fill value in the slicing program has been adjusted to 100%.  

The PEEK skull implant is post-processed by the removal and 

detachment of its support components.  
 

 

Fig. 11. The morphological fit and contour continuity assessment of 

the cranial implant. a) Y-axis cutting plane and sectional analysis. 

b) Z-axis cutting plane and sectional analysis. c) X-axis cutting 

plane and sectional analysis. 

The printed PEEK implant with the skull model is shown in 

Fig. 12.  For evaluation and testing purposes, a model of the 

skull is made from acrylonitrile butadiene styrene (ABS) uti-

lizing the Ender 5 Pro printer. The purpose of creating the 3D 

model was to evaluate the virtual verification findings and en-

sure the general fit and congruence of the patient-specific skull 

implant. The implant fits exactly on the damaged skull area, 

offering excellent aesthetic results.  

Table 3. Adjusting the parameters of the Intamsys Funmat HT 3D 

printer to fabricate the PEEK implant. 

Description 3D Printer Settings 

Printing Technique FFF 

Extruder Single 

Diameter of the extruder (mm) 0.4 

The thickness of the layer (mm) 0.1 

Printing speed (mm/s) 50 

Diameter of filaments (mm) 1.75 

Temperature of the nozzle (°C) 420 

Building temperature (°C) 130 

Temperature of the chamber (°C) 90 

 

Fig. 12. 3D representation of the skull-fitting cranial implant. 

3.4. Discussions 

Overall, the deformation was primarily distributed around 

the implant's center and concentrated in close proximity to it. 

Simulation findings indicated that the maximum deformation 

value in all cases was approximately 1.9 µm. The largest dis-

placement was observed in case 2, which was 1.9103 µm. In 

contrast, the maximum Von Mises strain and Von Mises stress 

in the cranial implant occur primarily at the edge. The maxi-

mal von Mises stress of 22.057E-2 MPa was recorded; this is 

lower than the PEEK yield strength of 95 MPa (Moby et al., 

2022). All three cases had relatively small values for the max-

imal von Mises strain: 1.7135E-5, 5.8135E-5, and 4.1001E-5. 

For simplicity, numerical analysis was done with isotropic 

properties of the materials. So, the safety factor indicator is 

used to prove the performance and quality of the implant pro-

duced using FFF technology. The observed results indicated a 

very high safety factor (safety factor = yield strength / maxi-

mum stress = 95 / 22.057E-2 ≈ 431).  This safety factor indi-

cates that the implant can reliably endure physiological load 

even with the reduced mechanical properties in certain direc-

tions.  Therefore, the results acquired maintain their reliability 

and validity despite the use of isotropic properties. According 

to the simplicity assumption of FEM, mechanical tests are not 

included in verifying the numerical model under study; it is 

verified through the safety factor relationship. Notwithstand-

ing that limitation, results demonstrated that the implant func-

tioned within high safety levels, therefore validating the relia-

bility of the FEA model used. 

On the other hand, the virtual matching and contour conti-

nuity of the created implants and the cranium were tested. The 

cross-sectional analysis indicated a high degree of uniformity 

in the external profile curvature contours between the cranium 

model and the implant. The tangency between the implant and 

the cranium model was preserved, demonstrating a satisfac-

tory reconstructive fit. After reviewing the simulation results, 

the precision and match of the implant with the individual's 

cranium are shown using the 3D printing of an ABS model of 

the damaged region and the PEEK implant. As a result, the 

surgeon can assess the cranium implant's compatibility with 

the individual's skull and plan for the pre-surgery. Although 
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the results supported the implant’s clinical viability in terms 

of physiological loads. However, its long-term performance, 

such as infection potential, durability, and effectiveness, re-

mains subject to further study. 

4. Conclusion 

This paper presents an approach for designing and evaluat-

ing cranial implants for cranial deformities. This study en-

hances the design precision of artificial bones, allowing sur-

geons and other medical personnel to closely examine the 

geometry of injuries and the aesthetics of implants.  Addition-

ally, it provides doctors with a visible assist for identifying and 

evaluating pre-surgery planning. This creates remarkable op-

portunities for the production of customized patients' im-

plants. On the other hand, this approach minimizes the risk 

and the amount of time needed in surgery by avoiding the need 

for repairing parts of the implant during surgery. The sug-

gested approach was implemented on a single-case study.  The 

FEA model incorporated certain simplifications, including the 

assumption of isotropic properties of PEEK and the exclusion 

of print path influences. The FEM was used to analyze the cra-

nial implant under the individual's basic operational condi-

tions, which included an outside load of 50 N and intracranial 

pressure. The results of the simulation indicated that the pa-

rameter values are within the allowable range. The implant's 

virtual fit and contour continuity with the cranium were also 

analyzed. The results demonstrated a satisfactory reconstruc-

tion match, as indicated by the outstanding uniformity of the 

outer profile curvature contours. Lastly, the shape of the im-

plant assures aesthetics and therefore improves the patient's 

quality of life. Our future work will be focused on studying 

printed structures of porous PEEK implants. For example, an-

alyze the structural efficiency of the porous PEEK implants in 

relation to cost, weight, and strength using FEA; validate the 

results experimentally by mechanical testing; and compare 

them with solid implant structures. 
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