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ABSTRACT 
 

Cranioplasty is a surgery used to repair a bone defect in the skull caused by an injury. It involves 
lifting the scalp and restoring the contour of the skull with an implant usually manufactured by 
additive manufacturing. The cranial implant is a sensitive topic; thus, it must be manufactured to the 
highest standards. Medical implants are growing significantly due to industrial digitalization and the 
rapid development of industrial software. With the help of computed Tomography (CT) equipment, a 
spatial, rotating model of the patient's current state can be obtained quickly, even in minutes where 
the replacement part of the deficiency can be perfectly designed. Although this requires 
considerable routine, computational capacity, and time, but taking advantage of the latest software 
presented in our manuscript, the development time of the implant can be up to 50 times shorter with 
significant improvements in suitability and adaptability. Subsequently, we can produce more 
accurate implants with more accessible and faster manufacturing with our developed method. The 
development steps and methods of designing an implant are described in our article. 
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1. INTRODUCTION 
 
Head injury is a typical term used to describe any 
trauma to the head, and most precisely to the 
brain itself. It contributes dramatically to the 
outcome in one-half of all deaths from traumas. 
The inquiry generally results from motor vehicle 
accidents, jumping from high places such as 
trees. Moreover, children also have head injuries 
due to violence and abuse [1,2]. The skull is a 
protective cover of the brain, the sense organs, 
and the basis of the face [3]. A cranial bone 
defect is often caused by traumatic bone 
destruction, where the scalp, the skull, or the 
brain can also be damaged. In other cases, a 
cranial tumor, congenital disabilities result in 
functional and aesthetic deficiencies. However, 
there are solutions with the design and 
manufacturing of standardized implant templates 
(SDT), but the repair of severe skull injuries can 
be done using customized cranial implants [2,4]. 
The application of medical image analysis has 
constantly been growing with the availability of 
several open-source image processing and 
visualization software. However, the use of this 
software in the clinical environment has been 
limited because additional work is usually 
necessary, or a good job needs a lot of time, and 
sometimes the problem requires a unique 
solution. Medical doctors are generally using this 
visualization software only as a viewer to 
diagnose the problem. Therefore, they do not 
know to edit the possibilities. On the other hand, 
this requires the intervention of engineers to work 
with this software without knowing the medical 
background. In many cases, these works require 
strong cooperation between medical doctors and 
engineers [5]. 
 

Craniofacial reconstruction is a highly complex 
surgery because the operated body parts contain 
the brain, eyes, and other sensory organs. 
Sometimes a bone defect has a particular shape 
with different curvatures in various planes, so the 
implant has to be individually adjusted by a 
neurosurgeon during the surgery, which 
increases blood loss, infection risk, and the 
operating time [6]. The best way of treating 
cranial defects would be autogenous bone 
transplantation because this will have fewer 
complications of infections when compared to 
implants from other materials [7]. Currently, 
titanium is the commonly used material for 
cranial reconstruction due to its excellent 
biocompatibility, customization, and mechanical 
performance. However, several non-carcinogenic 
biocompatible materials are lighter such as 

polymethylmethacrylate (PMMA), 
Polyetheretherketone (PEEK), and 
hydroxyapatite (HA), which would be better as an 
implant. Still, each has its shortcomings, such as 
the risk of infections and lesser strength [8]. A 
computer numerically controlled (CNC) milling 
machine can also be used to manufacture a mold 
from which an implant could be cast [9]. Cranial 
implants do not require extra strength, so plastic 
materials are usable for this point of view. 
Furthermore, it has lower thermal conductivity, 
which is very important because, this way, the 
brain is not exposed to extreme temperatures so 
easily. 
 

Furthermore, magnetic resonance imaging 
examinations induce electrical currents in these 
medical implants. These eddy currents may heat 
the implants and thus may be capable of causing 
localized tissue heating. Some implants can be 
made from transparent material, which is an 
additional advantage of plastics. This way, the 
organ can be seen without severe operation. In 
our case, ultra-high molecule-weight 
polyethylene (UHMW-PE) was chosen as implant 
material. This material is a very rigid, 
noncorrosive, nontoxic thermoplastic. It is 
relatively cheap and has good radiological 
transparency [10]. In general, standard implants 
are not suitable in these surgeries of skull 
defects compared to joint prostheses because of 
the complexity and the difference in the anatomy 
of the skulls. Research on skull prosthesis 
modeling can be found in the literature [4–
5,9,11–13]. Therefore, the cranial implant is 
fabricated on a customized and individual basis 
based on case differences. This study aims to 
introduce a new methodology to design a patient-
specific implant (PSI), a uniquely shaped implant 
for every unique patient based on different 
medical imaging data such as CT or Cone Beam 
Computer Tomography (CBCT). 
 

2. MATERIALS AND METHODS 
 
2.1 Image Processing  
 
Image Processing Toolbox (IPT) of MATLAB 
provides a wide range of advanced image 
processing functions for enhancing and 
analyzing digital images. Spatial image 
transformations, morphological operations such 
as edge detection and noise removal, region-of-
interest processing, filtering, curve fitting are 
available using IPT functions, which are 
implemented in the open MATLAB language can 
be used to develop the customized algorithms. 
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2.2 CT scan defect 
 

The input information for three-dimensional (3D) 
modeling is given in our case by a CT scan. The 
objective of this research is to reconstruct the 
damaged skull. The digital imaging and 
communications in medicine (DICOM) files made 
by CT equipment of the examined bone were 
used to construct a 3D model. These files can be 
displayed as grayscale layers, where the 
brightness of each pixel corresponds to the 
absorption of X-rays in a thin rectangular layer of 
the cross-section, which is called a "voxel." 
These files contain other data that refer to the 
patient, the distance of the layers, and the size of 
the objects on the pictures. Latter geometrical 
information is vital for image processing. Most 
tissue types represent different weakening 
ranges [14]. Thus, after converting DICOM files 
to a picture file format using image processing 
methods, we separate the examined tissue, in 
this case, the bone from its environment and 
create a model [15]. The image files from the CT 
recordings were processed using MATLAB, one 
of the most versatile software in the engineering 
field. Our program can automatically load and 
process the image layers following code without 
any action. It is possible to run the program 
automatically because the images are derived 
from one record and their sizes are the same in 
pixels and the distance of each pixel in the 
specified directions is the same. The name of the 
images has been also sorted and the distance 
between the layers is the same. This means that 
all the program needs are to start processing a 
new CT record using the input parameters listed 
above. 
 
The program reads and processes the image file 
one by one in the proper order. After reading, 
each image is stored as a 2-dimensional 
(512*512) matrix, where each element of the 
matrix corresponds to one pixel. From here, the 
processing operations use these matrices. The 
first step in processing is masking: removing 
parts with greater intensity around the skull. (Fig. 
1) shows a polygon defined around the damaged 
skull, which forms a mask, and the intensity of 
the pixels outside the mask is reduced. 
Segmentation of anatomical images is a general 
but essential step in medical imaging processing. 
It assigns the same label to every pixel in the 
content-related region (e.g., brain, bone, or 
scalp). Bone can usually be segmented with 
simple algorithms such as thresholding owing to 
the apparent difference in the Hounsfield scale in 
comparison to the surrounding tissues [16]. This 

was also the next step in our case; the image 
dataset was binarized, whereby the 2-
dimensional matrix will contain only ones and 
zeroes, where the threshold is set according to 
the intensity limit for each pixel. However, other 
techniques were also applied to finish the 
segmentation of CT data due to inhomogeneous 
bone structure and inherent blurring. The bone 
was closed, and tiny spots appeared right after 
binarization was removed. After performing 
series of morphological operations to form the 
skeleton of the feature of interest (i.e., region of 
the broken skull) or the whole skull, a 3D matrix 
(512*512*170) containing 170 layers is stored. 
According to user needs, a standard Tessellation 
language (STL) file of the skeleton can be 
generated, or the skull boundary coordinates can 
also be exported. This file can be open by every 
computer-aided design (CAD) software, where 
the Solid Edge was used to create a 3D 
representation of the surface of the implant. 
 

Although the most primitive way of implant 
design would be the vertical mirroring of the 
skull, it is sometimes too asymmetric, 
significantly damaged. There must be a smooth 
transition between the implant and the skull to 
avoid a conspicuous bump on the head of the 
patient. Our algorithm finds the outer boundary 
pixels of the skeleton on each layer and stores 
the coordinates of two points, where the line 
ends and two coordinates from the mirrored skull 
in the defective part. In the case of a dented 
skull, the continuity of curvature is scanned, and 
where the deviation reaches a limit, there is a 
dent. So, if the damage is on the right side of the 
head, first, we take the points with the highest 
value of x coordinates. These boundary points 
are stored from each layer as illustrated in (Fig. 
2), so this specified contour guarantees the 
implant fits the edge of the defect well. Two 
additional auxiliary points (in the missing region) 
are also be given in the first and last damaged 
plane if the hole is too large there. These 
auxiliary points can be assigned manually or 
derived from the vertically mirrored image. In this 
case, the mirrored model ensures the shape of 
the implant to be symmetric. These auxiliary 
points are also important, where the skull has an 
S shape close to the temple. (Fig. 3) shows the 
designed implant. 

 
2.3 CAD model 
 

After performing series of morphological, and the 
existing parts are exported from MATLAB, the 
triangular surface model can be imported into the 
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CAD system.  Of course, it is helpful to deal only 
with the planes in the close area of the defect, 
thus saving considerable computing capacity. 
We need to transform the geometry into a CAD 
model to be manageable in the CAD system, 
which can be done in a few steps. (Fig. 4) shows 
the CAD model of the skull. The figure clearly 
shows the defect where the implant should be 
designed. The traditional design method is highly 
labor-intensive, and in even simpler cases, it 
requires at least 50 hours. The disadvantage of 
the conventional approach is that any form of 
modification (e.g., a doctor's unique needs in 
design) can only be accomplished with great 
difficulty and a lot of work. The sections of each 
slice must be modified one by one so that 
cohesion between them is maintained [17,18]. 
 
The obtained spatial model of the implant is a 
geometry covered with small triangle elements, 
which is suitable for production (milling and 
additive production). However, if we want to 
scale a piece for expected use, then this format 
is no longer adequate, or the usability is limited. 
For such a complex geometry, scaling can only 
be accomplished by numerical simulation, finite 
element analysis, which requires a CAD 

geometry. Based on the individual CT images, 
the exact spatial coordinates of the missing parts 
in the given planes can be determined in the 
MATLAB software environment, which can be 
exported to a table. In the newer CAD systems, 
we can fit spatial CAD curves to the points 
scanned from the table. These are generally 
NURBS (Non-Uniform Rational Bezier Spline) 
curves, which offer the most modifications both 
globally and locally. In some cases (described 
earlier), we also need to give the bottom and top 
curves by auxiliary points. This defines the 
curvature in the plane of the sections. It is crucial 
that these ends of the curves join. These 
boundary curves can then be used to create a 
so-called boundary surface of which boundary 
curves are the curves we have defined. This has 
an interface that is continuously connected in 
tangent and curvature to the existing skull part. In 
many cases, the human skull has uneven, 
continuous curvature radius transition and may 
need to be modified in some regions. Adding any 
plane or planes to this and cutting our surface by 
them, we can create an interpenetration curve on 
the original surface too. (Fig. 5) shows the upper 
and lower limit curves in addition to the boundary 
Surface. 

 

  
 

Fig. 1. Masking process. a Polygon shape around the damaged skull. b Damage skull after 
masking 
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Fig. 2. Boundary points on each layer. a Layer 1. b Layer 2. c Layer 3. d Implant ready to fit the 
defected skull 

 

 
 

Fig. 3. Designed implant. a Mirrored image of the skull. b Implant and the two auxiliary points. 
c Skull implant 

 

 
 

Fig. 4. CAD model. a Triangular surface model. b CAD model of the skull 
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Fig. 5. Boundary Curves and surface. a Upper and lower limit curves. b Boundary surface. c 
Interpenetration curve on the boundary surface. d NURBS curves 

 
In fact, these curves are also NURBS curves that 
can be used to modify surface points. Of course, 
the degree of these curves can be increased 
arbitrarily (n-order, defined by n + 1 control 
points), so local protrusions, convex and concave 
portions can be implemented arbitrarily. So, we 
get a NURBS surface. This surface is associated 
with a given thickness (the expected thickness of 
the implant), and by defining the direction of the 
assignment, we can create a solid body model 
that perfectly matches the skull boundary 
surface. This can be done simply by chamfering. 
Concerning the concave surface depth, it is given 
by the doctor, the thickness of the implant is 
about half (2/3) of the thickness of the skull. The 
edges of the skull are usually uneven in depth 
which must be straightened (conical shape) 
before implanting. This ensures the fit of the 
implant in depth. An essential need for the 
implant is that it has a conical shape, so it should 
be supported by the existing skull parts. Of 
course, the adequacy of the implant can only be 

verified in the installation environment. The 
implant geometry can be modified here as well. 
The implant design, according to the described 
method, can be accomplished in less than 1 hour 
as compared to the earlier 50 hours of labor 
demand while offering several modifications, and 
the handling of the model is much better. 
However, suppose any change is needed to the 
cranial model. In that case, it can be done quickly 
since our algorithm finds the outer boundary 
pixels of the skeleton on each layer and stores 
the coordinates of two points where the line 
ends. These two points from each layer are the 
contour of the outer layer of the implant. In case 
of a bigger hole in the skull, the user can give 
additional points manually (or using the mirrored 
skull) in the missing region of the skull to specify 
the shape of the implant. With these additional 
points, the form of the implant can be modified. 
The other way is to change it in CAD program 
using NURBS with different curvatures. (Fig. 6) 
shows the implant created using solidedge. 
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Fig. 6. Created implant. a Chamfer and conical shape. b Implant geometry 
 

3. RESULTS AND DISCUSSION 
 
Realistic 3D imaging and modeling are 
instrumental in the diagnosis and thus utilized in 
computer-aided surgery. Such a 3D model can 
be generated from the images obtained from 
computed tomography or magnetic resonance. In 
this process, the rendering of 3D anatomical 
models is based on the creation of a polygonal 
mesh that represents the geometrical properties 
of the object. With the utilization of medical 
image processing, CAD, and reverse engineering 
techniques, the new and simpler method for the 
determination of skull implant is presented in this 
study. Our computer-generated models can be 
exported as an STL file, which can further be 
used in rapid prototyping processes like 3D 
printing. The models are built layer-by-layer 
according to 3D datasets. The CAD skull 
implants have a huge advantage because their 
shape can be easily customized for the patient's 
requirements. These customized implants can 
even be used to replace large parts of the 
damaged skull and filled the gaps correctly. 
These implants are light in weight and have 
screw holes for fixing, making them very 
convenient to operate compared to conventional 
implants, which remain robust and well-
integrated with the skull even after a long period 
of time. The titanium alloy (Ti6AI4V) is the most 
commonly used material for manufacturing these 
implants with the help of additive manufacturing 
since it has high strength, high corrosion 
resistance, excellent biocompatibility, good 
osseointegration, low thermal expansion, and low 
thermal conductivity. Although additive 

manufacturing gained massive interest in 
medical applications, there is a limitation for this 
technology. One of the main drawbacks is the 
anisotropic mechanical behavior the 
manufactured part experienced. Thus, choosing 
the best-optimized printing parameters will 
positively affect the mechanical properties of the 
manufactured skull implant. The steps of the 
developed implant design process are shown in 
(Table 1), which can be found in the appendix. 
 
An optional verification loop can be added to the 
algorithm if the implant shape is too complex, or 
the edge of the skull must be modified. 
 

4. CONCLUSION 
 

The skull is a protective cover of the brain, the 
sense organs, and the basis of the face. The 
defect in the skull reduces the protection of the 
brain. However, it causes psychological stress 
and social barriers for patients. Cranioplasty is a 
standard method used to repair the integrity of 
the cranial activity. In this paper, a new method 
of prosthesis modeling was presented. A novel 
algorithm was developed using MATLAB to build 
a model of a broken skull bone. The CT scan 
data was used to construct the STL 3D model. 
The Solidedge software was used to convert the 
STL 3D model into a CAD model. The implant 
can be designed by generating curve fitting, 
creating NURBS surface, adding thickness, and 
Chamfering. On the other hand, the 3D physical 
implant skull models can be manufactured using 
additive manufacturing. However, different 3D 
printers should be tested to maintain accuracy 



 
 
 
 

Markiz et al.; ARRB, 36(9): 21-30, 2021; Article no.ARRB.68649 
 
 

 
28 

 

and feasibility. For the first time, our algorithm 
can identify the outer layers of the skull implant 
quickly and efficiently with less time-consuming. 
However, any modifications can be done quickly 
based on the human doctor's recommendation. 
Based on this methodology, automatic implant 
design and manufacturing processes can be 
implemented. Therefore, the novelty of this work 
builds a solid base for researchers to work on 
cranial implant designs. Additionally, a numerical 
analysis using finite elements can be carried out 
to obtain the maximum strength of different 
manufacturing materials. Eventually, the 
proposed method can save time for the 
manufacture of implant for surgeons up to 50 
times shorter than the traditional way. 
Subsequently, we believe that our method is a 
promising technique and a convenient strategy 
that can be used by medical professionals to 
reconstruct the skull bone defects for patients. 
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APPENDIX 
 

Table 1. Steps of implant design process 
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Implant

Produce the implant from CAD file

Consultation

Consulting with doctor

CAD
Import boundary 

coordinates and 3D 
model of skull into CAD 
sofware (Solid Edge)

Curve fitting,

Generate boundary surface

Create NURBS surface

Add thickness of the implant

Chamfer it

Fit investigation

Matlab + CT image series

Determine outer boundary 
curve of the damage in the 

skull in Matlab

Export these coordinates to 
xls

Create a 3D model (stl) of 
the skull
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