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ABSTRACT Cranioplasty, as a surgery to repair skull bone defects, in several patient-specific conditions, requires a 

personalized implant design that could match the needs. However, previous implant cranioplasty literature did not fully inform 

the steps to gain the patient-specific implant geometry, and not all operators could understand this sophisticated technique. The 

study aims to design an implant bone for cranioplasty purposes. This study will contribute as fundamental literature for implant 

planning since it explains an implant geometry’s construction. The patient computed-scanning (CT) data were processed 

through the clear step-by-step image processing stages, three-dimensional (3D) printing, and its evaluation through 

biomechanical simulation. As the results, quantitatively, the designed cranioplasty implant could deal with the load in the actual 

application. Qualitatively, the prototypes have matched when applied to the host of cranium bone. In conclusion, although 

image processing and refinements are the most complicated process, for the following similar procedure on implant designing, 

the precise methodology provided in this work could significantly help the neurosurgeon and teams. 

INDEX TERMS Computed Tomography Image, Image Processing, Three-Dimensional Printing, 

Cranioplasty Procedures, Implant Designs

I. INTRODUCTION 

Cranioplasty is a surgical procedure designed to correct cranial 

defects. The objective of cranioplasty is not merely cosmetic; 

likewise, the maintenance of cranial deformities gives help to 

mental advantages and builds social exhibitions[1]. Over the 

last 15-20 years, there have been increased procedures for 

cranioplasty, for example, a journal mentioned between 

January 2012 and September 2020, a hospital performed more 

than 500 cranioplasties[2]. Many reviews-journal intended 

that any development and modification in the cranioplasty 

intervention would be always the hottest topic in the 

neurosurgery subject. The material utilized in cranioplasty 

until today ranges from polymers such as 

Polymethylmethacrylate (PMMA) and Polyetheretherketone 

(PEEK), bioceramic such as porous Hydroxiapaptite (HA) to 

the most expensive metal arrangement such as Titanium 

alloy[3]. The latest update of cranioplasty design also 

mentioned that the adjustable personalized design is necessary 

to improve the successful rate of cranioplasty application[4].  

Similar experiments regarding building a customized 

cranioplasty design and prototypes have been numerously 

reported[4]. A journal of literature review also mentioned that 

the usage of three-dimensional (3D) printing has been a 

promising option, not only to print precisely fitted designs but 

also a possibility of low-cost material, of which most low-cost 

3D printer materials were based on polymers[5]. However, 

based on a journal of evaluation between PEEK and titanium, 

there is still a paucity of high-level evidence about those two 

material applications in cranioplasty[6]. Besides the material 

selection, other factors, such as the timing of cranioplasty and 

body response in the post-operation every patient might be 

different, also contribute to the success of the procedures.  

In Indonesia, the cranioplasty procedures have also been 

carried out. For the last case, a report from Dr. Soetomo 

General Academic Hospital utilized Polylactic Acid for 3D 

printing customization of cranioplasty[7]. In this case, they 

employed several software for image processing such as 

LightWave 3D and Materials Mimics before being printed 
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using a fused deposition modeling (FDM) printer. However, 

the paper does not mention in detail the employed image 

processing stages to achieve the model, eventually. Similarly, 

a review paper on 3D imaging, 3D printing, and 3D virtual 

planning for endodontics summarizes the process using a 

flowchart. The method of the 3D image processing, from the 

acquisition of the data, segmentation of the 3D images for the 

region of interest, and the computer-aided design (CAD) for 

refinement of the 3D mandibular bone was also not declared. 

Since the role of image processing techniques prior to the 3D 

printing application is critical in the medical field, including 

surgery and implant planning for cranioplasty, a step-by-step 

explanation of how they could be conducted would be helpful 

for prospective operators[8]. A provided method for the whole 

explanation would contribute to the repeatability and 

reproducibility in writing and future experiments. 

 This research aims to provide step-by-step image 

processing stages from the beginning of how the data is 

loaded, all refinement processes, and 3D printing for the 

medical tools, particularly for patient-specific needs. This 

study will present three significant contributions. First, it 

would be a novel paper that provides clear information on 

constructing an implant geometry from medical imaging data. 

Second, this paper delivers a biomechanical simulation 

through finite element analysis, contributing to validation. 

Third, to understand the hand-feel of the designed implant, 3D 

printing would help the match validation between the implant 

and the cranium bone as the host bone. The explained method 

would be helpful in all implant-bone designs in other body 

extremities.  

 
II. MATERIAL AND METHOD 

This research has four main stages: data acquisition and 

loading, 3D image segmentation and refinement, 

biomechanical simulation, and 3D printing and its physical 

evaluation.  

A. DATA ACQUISITION AND LOADING 

In this study, the employed data is a series of CT images of the 

brain area. The data is from the Husada Utama Hospital. Since 

the CT data was declared secondary data, ethical clearance is 

unnecessary for this experiment. In detail, the CT data consists 

of 194 slices, and each slice's thickness is 2 mm. The patient 

in this study is an Asian woman 55 years old and has a normal 

cranium bone. A spot in the frontal area of the skull bone 

would be simulated as the implant's intended area. The data 

has a window length of 40, a window width of 80, and 

dimensions of the main images of 512x512. In this study, we 

loaded the data using E3D Imaging software, as shown in 

FIGURE 1. The opening interface of E3D imaging software 

has plenty of imaging tools that are useful for further image 

processing steps.  

B. IMAGE SEGMENTATION AND REFINEMENT 

Based on previous medical image processing projects, image 

segmentation and refinement are carried out in many ways and 

conduct repetitions according to the obtained input images. 

Image segmentation aims to separate the region of interest 

from the whole data [9]. Image refinement seeks to improve 

the appearance of the segmented models until it meets the 

application standards [10]. In this study, we applied two ways 

of segmentation techniques. The first segmentation would be 

followed by plenty of image refinement to improve the 

segmented models’ appearance, whereas the second 

segmentation only needs exporting to ready-to-print data. In 

the first segmentation, we employed the software of E3D 

Imaging. The first segmentation aims to achieve the frontal 

bone area and, from now on, be referred to as the host.  

 

1) RECONSTRUCTION 

The data that has been loaded into an E3D Imaging software 

would be reconstructed by choosing a tool of 

“Reconstruction” in the software. In this step, the 

reconstruction tool (Figure 1) built all 2D slices of CT images 

into 3D images of the skull bone. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 1.  Data loading and preparing to reconstruction.  
 

2) CUTTING 

The 3D model of the skull bone was cut to achieve a selected 

area using a tool “cut” in the software.  The head area was cut 

on the right, left, bottom, top, and back sides (FIGURE 2 A-

D). 

 

3) THRESHOLD SETTING 

A threshold was set to the cut skull area. As early information, 

the threshold when the DICOM document opened was listed 

as 2000. The number threshold for the cut skull area can 

automatically be executed using the “ambang” feature. In this 

study, the cut skull area identified a threshold of 300 (FIGURE 

3). This “ambang” feature would form a mask from the cut 

skull area. 
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FIGURE 2.  Cutting in all dimensions. (A) right side, (B) left side, (C) 
upper side, (D) bottom side. 

 

 

 

 

 

 

 

 

 

 

FIGURE 3.  Setting a threshold number of 300 using an “Ambang” tool.  

4) MASKED LAYERS SEPARATION 

The masking selected area, particularly the frontal bone, was 

segmented to achieve the region of interest by using the tool 

of “pisahkan lapisan” or “separate the layers”. FIGURE 4 

shows the intended square area for segmentation using a 

masked layer. 

 

FIGURE 4.  Masking a square area of frontal bone.  

5) REGION DEVELOPMENT 

The tools of “kembangkan region” or “develop the region” 

followed by the “3D calculation” option was employed to 

separate the selected frontal bone area from the whole 

subject’s skull bone. 

 

6) STL EXPORT 

The final segmented model was then exported as the STL 

file. FIGURE 5 shows the first segmentation area for the 

frontal bone. 

 

 

 

 

 

 

 

 

FIGURE 5.  First segmentation area of the frontal bone. (A) The area of 
the host implant, (B) the host implant that has been segmented from 
whole skull bone, (C) the surface look of the host implant. 

 

In the refinement process, the segmented area was then 

reconstructed using several tools in the software Autodesk 

PowerShape Ultimate (2023) under a student license. The 

refinement steps consist of five stages, from 7 to 11. 

Moreover, the second segmentation was intended to build the 

host of implants, representative of a small area from the whole 

brain, and the implant design. 

 

7) MESH AND EDGE CONSTRUCTION 

The obtained STL documents had rough and hollow surface 

conditions. So, it was necessary to carry out the reconstruction 

process to get solid STL documents with a smooth and flat 

surface. Once the document was imported into the software, 

the STL document was read as a mesh object. The first step in 

fixing the hollow parts was to know the location of the 

perforated details on the inside of the mesh, specifically by 

changing the view to the frontal bone object in the view menu. 

On the view menu, it could be selected the appearance section. 

The appearance menu has three view options: Shade, 

Wireframe, and Mesh. To see the inside of the mesh, it was 

then selected the Mesh option in the appearance section, 

followed by choosing the open and interior edges (hollow) 

feature. This option will make the mesh that has been selected 

into a transparent object composed of triangles. The mesh and 

edge construction are shown in FIGURE 6A. 

 

8) FILLING HOLES 

The selected surface area was filled using the continuous lasso 

feature. Afterward, the delete menu option on the triangles 

sub-menu removed the previously selected location. The holes 

inside the mesh can be chosen by “select the triangles then 

distance” and manually deleting it. The perforated meshes 
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must be re-filled using the fill-hole features on the “Fix panel”. 

We could click the filling hole and curvature cap, select the 

gaps to fill, and then press “OK”. The purpose of choosing the 

feature of a curvature cap was to set the filled area as high as 

the area according to the height of the surrounding surface. 

These practices were continuously done until all cavities were 

filled, signed by there were no yellow cavities inside of the 

mesh area. FIGURE 6B shows the host implant has no hole 

and completes the solid version.  

 

9) SURFACE RECONSTRUCTION 

The step of surface reconstruction for the mesh area was 

necessary to reconstruct the curvature of the mesh. The 

purpose of giving curved lines was to ensure that the mesh 

area's reshaping closely resembled the actual surface. The 

features of the wireframe tab, curve, and oblique curve were 

applied. Furthermore, the used number of curved lines to 

reconstruct the mesh could be determined in the section 

settings. The greater the number of lines used, the higher the 

obtained accuracy. In this case, we employed a hundred 

curved lines with an offset of 0. For additional notes, the 

higher the line number used would affect the workload of the 

application. In determining the axis, it could be seen through 

the axis options located at the bottom of the application: the x, 

y, and z axes. For example, the last curved line would be 

formed to follow the x-axis of the mesh. After practicing 

setting the best lines and axes in the mesh reconstruction, we 

could click apply. FIGURE 6C shows the task for surface 

reconstruction automatically by the software.    

 

10) SURFACE RESHAPING 

To build the surface formation, all formed points can be 

connected by using a feature of “Smart Surface” on the tab 

“Surface”. FIGURE 6D shows the smart surface feature in 

Autodesk. In the settings box of the smart surface feature, it 

could be selected the surface type of "power surfaces" and the 

method of "from separate". The advanced option was utilized 

due to the irregularly formed surface. In this option, the setting 

was changed from “Automatic point and/ Guide-curve 

insertion” to using NURBS and for the edge matching option 

to be “repoints”. By choosing the “Tab View” and “unblank” 

features, the preview feature would indicate if the shape was 

appropriate. After the surface has been successfully formed, 

the initial mesh can be compared with the resulting surface that 

has been developed. Next, the holes were filled and closed on 

both sides of the surface. Since there were already curved lines 

and repoints, the smart surface could be manufactured by 

using the surface tab, smart surface feature, and fill-in features 

on both sides. After successfully forming a new surface, 

previous curved lines could be removed by going to the home 

tab, panel selection, all wireframe selection, all curved lines 

selection, moving to the delete panel, and applying the X 

items. 

 

11) FINAL SOLID FORMATION 

The created surface must be made into a solid object by 

selecting the solid menu tab on the panel form item and then 

selecting the automatic trim's surface. In this study, since the 

right and left sides of the surface cannot form a solid, the 

surfaces on both sides can be deleted by pressing the right 

mouse once and then selecting the delete option. Next, the 

empty area of the solid would be repaired by using the solid 

doctor feature on the fixed panel on the manage solid tools 

menu. The solid doctor menu would display the deficiencies 

of the solid that had been formed. If there were still holes, 

they could be fixed automatically by pressing the green 

checkmark. If it still cannot be repaired, it could keep trying 

to fill in the void with the "Fill hole" with the tangential 

surface option, then run it by pressing the green check button. 

 

FIGURE 6.  Image reconstruction stages. (A) mesh and edge 
construction, (B) filling hole formation, (C) surface reconstruction tool, 
(D) smart-surface reshaping tool.  

The next step was to use the heal option. It was necessary 

to repair or loosen locally if the solid operation failed and the 

solid had no faults by pressing the green check button on the 

automatic option. After completing everything, it could be 

achieved in a solid form, as shown in FIGURE 7. Before 

saving to the STL format, we could select the 

"Triangle/Mesh" option for data exchange. In the export 

features, the DeltaMesh stamping option was the allowed 

saving option for the document type of STL. The end product 

from the image refinement process was a square part of skull 

bones. This square one represents the outer area of the 

implant location, called the host. In the actual cranioplasty 

cases, the host is possibly located in various locations with 

many different sizes throughout the bony area of the skull 

[11]. 
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FIGURE 7.  Exporting the solid formation tool using a solid doctor. 

 

12) SECOND SEGMENTATION 

The second segmentation was carried out on the Inventors 

software, and it aims to form two parts, namely the host and 

the implant. This study's final result ensures that the implant 

can be precise and match the host area. The first step in the 

second segmentation was to form a plane that would be used 

to sketch by selecting the sketch menu, the panel creation, and 

the line necessary to design the desired sketch. In this study, 

we used Spline (interpolation) in forming a drawing that 

would be used to cut the frontal bone. We could left-click once 

on the flat side of the frontal bone object to develop an image 

area. After the drawing area was formed, the design sketch 

could be created as desired. Next, the design was cut based on 

the sketch and started by opening the 3D model menu, panel 

modification, and selecting the split. After choosing the split 

feature, a dialog box of cut settings would appear, allowing it 

to change to the solid by pressing the green square button. 

Because this cut aims to be printed between the host and the 

implant, the selected option was keeping both sides. If the 

process succeeds, then two solid objects will form. It can be 

re-checked through the description on the model and chosen 

the solid bodies. 

 

FIGURE 8.  Exporting the solid formation tool using a solid doctor. 

 

The previous design would be then stored as two separate 

documents between the host and the implant by adjusting the 

visibility of each object. Then, right-clicking on the part of the 

solid body enables visibility. After setting the visibility, the 

objects that were not shown later would not be saved when 

storing the STL files. For saving it separately, it could be 

selected in the menu file, save as, and save a copy as. Finally, 

a dialog box would appear, which functions to determine the 

type of document that is applied to save the document. This 

study used the STL document type. FIGURE 8 demonstrates 

the second image segmentation by separating the host implant 

with a grey area and the intended cranioplasty implant with a 

blue area. 

C. BIOMECHANICAL SIMULATION 

The biomechanical simulation in this study was done by using the 

software of Autodesk Inventor (Professional) 2023. The 

software provides materials libraries that can be determined 

during the FEA testing process. Determination of material can 

be done through material assignments and can be displayed 

through simulation results reports. The cranioplasty design 

was tested using Ti-6Al-4V material. The choice of this 

material is because Titanium 6Al-4V material has good 

biocompatibility properties and high corrosion resistance [12]. 

Therefore, the use of Ti-6Al-4V alloy is widely used as a 

material for making implants in the biomedical field. 

Determination of constraints and loading was carried out 

based on a reference for position and loading, which will be 

used in real conditions. The applied constraints can be in the 

form of fixed constraints, pin constraints, and friction 

constraints. For the design of this implant, using the type of 

fixed constraints due to the setting condition that the area 

around the implant will not change. While the loading is given 

with a load variation of 50N[13].  

The process of simulating biomechanics using the finite 

element method can be carried out after going through the 

meshing and pre-analysis processes. Meshing is a process of 

changing the main structure into many smaller triangular 

elements that are a certain number to infinity. The meshing 

process serves to analyze the continuous system of objects. 

This biomechanical simulation process takes place under 

predetermined conditions, such as placing constraints, 

loading, and selecting the type of material to be tested. on the 

existing design. The outcomes for biomechanical simulation 

in this study were limited to von Misses stress (VMS). In this 

study case of cranioplasty, the VMS would reflect a 

determination if the Ti6Al4V material would yield or even 

fracture when given a load[14]. 

 

D. 3D PRINTING AND EVALUATION 

Designs from the Autodesk Inventors software would be 

printed using a 3D printer of Creality Ender 5 with a material 

selection of poly-lactic acid (PLA) and with a nozzle size of 

0.4 mm. The obtained STL would be converted into the g-

code document type. Additional software of Ultimaker Cura 

version 5.1. enabled to print the document. Table 1 explains 

the setting parameters for the 3D printing process. All 3D 

models would be evaluated using all component tools: E3D 

Imaging, Autodesk Inventor, Ultimaker Cura, and the 

printed implant prototypes. In this study, we would compare 

the overall accuracy measures in the cranioplasty models, 

particularly the lengths of the host between the 3D models 

on the Autodesk Inventor and the 3D printed prototypes 

using a caliper. In this project, we also investigated the host 

length using the software E3D Imaging and Ultimaker Cura. 

The combination volume of the host and the implant were 
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also examined using the software E3D Imaging and 

Autodesk Inventor. 
TABLE 1 

3D printing settings for 3d printer of Creality Ender 5 

Panel Subpanel Size 

quality layer height 0.15 mm 

walls wall thickness 0.8 mm 

top/bottom top/bottom thickness 0.65 mm 

infill infill density 50% 

material printing temperature 200°C 

material build plate temperature 60°C 

III. RESULTS 

In this result section, we will also emphasize that every step in the 
method section will demonstrate a similar result if redone by 
others. 

 

A. DATA ACQUISITION RESULTS 

In this study, we employed the E3D Medical System software as 

loading and image construction methods. However, since the data 

is in the format of DICOM, other DICOM viewer software would 

reveal similar details. The acquired data in this work is from an 

Asian woman with the age of 55 years old. This experiment 

utilized data from a normal patient in purpose to model a head 

bone structure that could later be used as a reference for 

cranioplasty bone implants. FIGURE 9 exhibits all details about 

the acquired data, however, the private information such as the 

name and ID patient has been kept confidential.  

 

FIGURE 9.  The acquired data was loaded in Radiant DICOM software. 

B. IMAGE PROCESSING RESULTS  

In the first segmentation, it was successful in obtaining the host 

implant section. The host implant means the outer area of the 

intended cranioplasty design, whereas the cranioplasty design in 

this study was set in the middle of the host implant place. The 

segmented host implant area is a specific part of the whole skull 

bone, particularly in the category of neurocranium bones, which 

generally have a structure as flat bones. The flat bones, particularly 

in the neurocranium, consist of the outermost layer called the 

pericranium, followed by the structure of compact bones and 

spongy bones [15]. The spongy bones, also called cancellous 

bones or trabecular bones, build an anatomy of a lattice-like matrix 

network and are not as solid as the compact bones, where there are 

small cavities surrounding them [16]. On the other hand, current 

DICOM images that contain a high amount of voxel values as well 

as windowing could provide a matter of grayscale on different 

living body tissues. This term is known as the Hounsfield unit 

(HU) to explain the radiodensity phenomena. It is a quantitative 

scale where the radiodensity of distilled water at the standard 

pressure and temperature (STP) is declared as 0 HU. In 

comparison, the radiodensity of air is -1000 HU, and the bones are 

between 400 and 1000 HU[17]. By this literacy, when a threshold 

number was applied to the segmentation process of a frontal bone, 

even though these bones are flat in the neurocranium, the results of 

the 3D frontal bone model from converting bone data in the 

DICOM file to STL data must have an inhomogeneous structure 

throughout the bones. The inhomogeneous structure resulting 

from the segmentation process was reconstructed in the refinement 

process to meet the optimal 3D stereolithography model. Lastly, 

the second segmentation aims to achieve the intended cranioplasty 

design. FIGURE 10 describes the results for both the host implant 

and the intended cranioplasty implant design.  

FIGURE 10.  The results of the image processing stages consist of (A) 
the host implant area and (B) the cranioplasty implant design. 

 

FIGURE 11.  Finite element analysis. A. The placement of loading on the 
designed implant. B. The computer simulation to find the stress after 
loading the application. 

C. BIOMECHANICAL SIMULATION RESULTS  

After carrying out the running process using the finite element 
method, the results of von Misses stress (VMS) from the 
biomechanical simulation will be obtained. The most important 
aspect of this biomechanical simulation is knowing the equivalent 
stress or VMS. Equivalent stress occurs when a multiaxial stress 
state has several stress components acting simultaneously on an 
object structure. In this case, strain is a calculation of the force 
applied to an object compared to its cross-sectional area, while a 
strain is obtained from deformation caused by stress resulting in a 
change in length from the initial length. FIGURE 11A displays the 
constraints and loading force on the cranioplasty implant design. 
FIGURE 11B of the biomechanical analysis of the VMS when the 
implant is loaded in the y-axis direction. Based on several finite 
element works of literature, to determine that the built implant 
could be biomechanically fitted to the implanted area and have 
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good strength to be not easily cracked when applied, the VMS 
results should be less than the yield strength of the used material 
[12], [18]. The results of maximum VMS on the cranioplasty 
implant design show a lower value of 24.52 MPa than the yield 
strength number of Ti6Al4V of 882 MPa [19]. 

D. 3D PRINTING AND PHYSICAL EVALUATION 
RESULTS 

TABLE 2 and TABLE 3 explain the physical evaluation of the 

parameters of length, width, and volume. Based on the length and 

height measurement of the host between each utilized software and 

the results of 3D printing, it demonstrates that during the 

processing and repair process, the printing process does not 

experience significant changes or only changes in length and 

height of 0.02 -0.13 mm. Meanwhile, the additional parameter in 

the form of the volume for the total configuration of the host and 

the implant design, the E3D imaging software produces a smaller 

volume than the volume stated on the biomechanical process using 

the software of Autodesk Inventor. The change in volume of 150.4 

mm3 occurred because the initial sample had holes or cavities, so 

after processing and repair, the sample volume increased.  All 

measured parameters verified that the results of the 3D printing 

application in this study are approved since all the obtained 

accuracy is almost 99.99%. 

 
TABLE 2 

Length and width measurement evaluation 

Measurement 

Parameters 
Length (mm) Width (mm) 

E3D Imaging 51.97 83.42 

Autodesk Inventor 51.968 83.329 

Ultimaker Cura 52.1 83.4 

3D Prints 52.1 83.4 

 
TABLE 3 

Volume evaluation 

Parameter E3D Imaging Autodesk Inventor 

Volume (mm3) 39748 39898.4 

 

 

FIGURE 12.  Finite element analysis. A. The placement of loading on the 
designed implant. B. The computer simulation to find the stress after 
loading the application. 

 

For the physical evaluation, FIGURE 12A displays the 3D 

printing results from the host and the cranioplasty implant design. 

The detailed process of image refinement plays an important role 

in the further step of 3D printing. FIGURE 12B shows that the host 

and the cranioplasty implant design could fit each other, and all 

evaluations indicate no gap between the host and the implant. Our 

simulation for constructing the implant design that precisely fits 

the cranium bone is successful and recommended for 

manufacturing. FIGURE 13 represents two of the overall 

accuracy measures in the cranioplasty models: the lengths of 

the host between the 3D models on the Autodesk Inventor 

(FIGURE 13A) and the 3D printed prototypes using a caliper 

(FIGURE 13B). 

 

 

FIGURE 13.  Accuracy evaluation on (A) Autodesk Inventor and (B) 3D 
printed prototypes using a digital caliper.  

IV. DISCUSSION 

This study aims to provide a renewed discourse, especially in bone 
implant design planning and 3D printing application. This goal has 
been confirmed by several lecturers and practitioners in the 
medical field, that this application is beneficial and helps the work 
of implant surgeons. The application process here has been as 
detailed as possible to facilitate further investigation, besides 
interpreting our results.  

Firstly, the explanation of data acquisition and loading has 
proved that the medical imaging data, particularly in DICOM 
format, can be loaded in all DICOM viewer software. Many 
DICOM viewer software exist, such as Radiant DICOM, 
OSIRIX, 3D Slicer, Mango, etc. [20][21]. Secondly, the 
decision for the image processing stages depends on the region of 
interest of the research object. The procedures for the first 
segmentation in this study also considered the available features of 
the E3D DICOM imaging software, in which other DICOM 
imaging software might have different elements for image 
segmentation purposes. Furthermore, this study simulated a design 
in that the patient only needs around 5 cm diameter for the rough 
circle area in the neurocranium bones. The simulation shows that 
our design could undergo the load in the cranium area. The 
validation stages also indicate the cranioplasty implant design 
could fit into the host implant area.  

Compared to other DICOM viewer software in the 
journals [18][19], the software in this study, E3D software, 
can also provide similar features, such as reading the data, 
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3D viewing, cropping, measuring, scaling, and multiplanar 
reconstruction (MPR). In the segmentation process, 
compared to a previous study utilizing 3D Radiant DICOM, the 
E3D imaging software is more helpful in the smooth cutting 
process [22]. Moreover, other two prior studies about cranioplasty 
implant designs based on patient need, they declared the host as 
the whole skull bones, and the intended implants were the entire 
defect on the skull bones patients [23], [24]. The advantages of 
directly segmenting the intended cranioplasty implant design are 
precise. There will be an adjustment for extended and elevated 
margins between the skull bones and the cranioplasty implant 
design. However, the simulation using whole skull bones could 
cause errors due to heavy computation. The method of separating 
the host and the intended implant design in this study has been 
successfully applied in a previous study and proved effective for 
any possible medicinal approaches[25]. 

3D printing technique has great importance in the medical 
world. Another recent study claimed the easy implementable 3D 
printing workflow for the cranioplasty implant design using a paid-
commercial 3D imaging software of Materialize Mimics [26]. It 
revealed the chronological sequences without certain employed 
features. As a comparison, all stages and results in this study, 
which specifically target medical physicist students to have an 
additional curriculum or a minor subject of implant planning and 
formation, could convince that it is feasible to be conducted and 
will result in a high percentage of accuracy.  

This study presents a comprehensive explanation to ensure that 
all stages will be reproducible for other implant design purposes. 
The written methods in this research have provided precise 
information to answer the shortcomings of previous works on the 
same topic, where many studies were not reproducible. However, 
since we employed normal patient data to have a compact implant 
design, this study just assumes that the area has a cranial defect. 
Regarding other cranioplasty implant studies that already 
mentioned the manufacturing process, the material selection, 
and the application to the patient, this study limits the 
research scope only to the updated design based on patient-
bone morphology as well as in silico tests. For further study, 
the cranioplasty implant model can then be tested in real clinical 
settings using the DICOM data of patients with bone defects using 
a biocompatible material, such as Ti6Al4V [27].   

IV. CONCLUSIONS 

This study aims to present the complex and specific stages of 3D 

printing for clinical medical purposes, particularly for designing 

bone implants, as the leading education media and additional 

curriculum for medical physicist students in universities. The bone 

implant design in this research is limited to the patient-specific case 

of cranioplasty. All medical image processing methods produce 

3D models of the cranium bone area as the host and the 

cranioplasty implant design. The design has been evaluated using 

a finite element analysis and demonstrates good strength with a 

maximum von Misses number of 24.52 MPa. The physical 

appearance of 3D prints between the host and the implant 

prototypes has been compared using several techniques. The 

length ranges from 51.97 to 52.1 mm, the width ranges from 83.32 

to 83.42 mm, and the volume ranges from 39748 to 39898.4 mm3. 

Overall, the accuracy of the 3D printing method based on patient 

DICOM data is almost 99.99%. Since the 3D printing results show 

a compact design condition and fit each other, all the available 

methods could be a primary reference for further bone implant 

design applications. For future work, the designs in this research 

are ready to be manufactured using biocompatible materials and 

implemented for the patient. 
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