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INTRODUCTION

Due to accidents or congenital malformations, 
some body areas may suffer loss or damage. Skull 
defects are a common clinical issue, and treating 
them remains a significant challenge. Currently, 
no artificial implants or prosthetics can perfect-
ly match and integrate with the growing human 
skull. Surgical procedures typically involve im-
planting materials into the damaged area. How-
ever, creating accurate cranial implants tailored 
to individual patients is time-consuming. Fabri-
cation of defected zone in human body or bone 
has expanded incredible responsiveness in recent 
years, because the low cost and high accuracy of 
3D printing technique made it possible for bio-
medical engineering applications [1]. 3D printing 
is a dominant technology that deals with several 
possible assistances to biomedical engineer-
ing, especially in the field of tissue engineering 
and 3D printing of scaffolds [2]. Contemporary 
growths of biocompatible materials have assisted 
in improving 3D bio-printing for regenerative 

medicine [3]. Some researchers devoted attention 
to studying the accident losses of human body 
with prosthetics members or implants. Dong et 
al. reviewed bioprinting approaches during three 
phases: pre-processing, processing, and post-
processing, which related to improving the qual-
ity life of the patients, reducing healthcare costs, 
and tapping into the global medical device mar-
ket [4]. Boretti reported on the application of 3D 
printing in the medical field, such as primarily 
bioprinting models in surgery preparation, surgi-
cal instruments, prosthetics, drugs, drug delivery 
systems, streamlined drug development process, 
and educational medical models [5]. Ananth and 
Jayram summarized the use of the 3D biomaterial 
scaffolds in bone tissue engineering applications, 
and the customized application of 3D printing 
technique in tissue engineering, prostheses, im-
plants, and drug delivery devices [6]. Vindoku-
rov et al. presented an experimental and analytic 
study of biocompatible polylactic acid (PLA) 
based on compressive mechanical properties, 
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especially elastic modulus and ultimate compres-
sion strength [7].

Zhang et al. suggested an integrated study 
for treating the skull defect of children with fast 
growth of skulls. They also compared the porous 
polyetheretherketone (PEEK) implant with the 
non-porous PEEK, cell adhesion, regenerate skull 
tissues, and the side effects with surrounding tis-
sues among 6 months [8]. Resmi et al., proposed 
an approach based on 3D U-Net and Transform-
ers to complete the skull shape automatically, and 
the authors used a vision transformer for the volu-
metric reconstruction of a skull [9]. In the present 
work, a methodology for reconstruction of cranial 
implants of defected skull was presented. This 
methodology involves a sequential stage of design, 
fixtures design, dimensional accuracy calculations, 
and surface reconstruction of a cranial implant. 

METHODOLOGY 

Modeling a cranial implant was accomplished 
in several sequential stages, these included; recon-
structing the 3D skull model using medical data, 
and applying engineering modeling concepts to 

the design of the cranial implant. The adopted 
methodology procedure is shown in Figure 1.

Design of the cranial implant 

A 3D model of the skull was reconstructed 
using the medical data obtained from imaging de-
vices, such as magnetic resonance imaging (MRI) 
and computed tomography (CT), which provide 
digital images of the patient being examined. In 
this study, medical data from patients in NRRD 
format was converted into a computerized mod-
el using the 3D processing software, 3D Slicer. 
These models were then exported as 3D STL files 
or image data in JPG or BMP formats for the 
subsequent design stages. Figure 2 illustrates the 
medical data processing conducted with the 3D 
Slicer software. 

It is important to detecting the boundary area 
of the implant at the beginning of designing the 
cranial implants for patient skull. Figure 3 present 
this bounded area of implant patch, which were 
detected using the MeshMixer software. 

The bounded area of the affected side was 
reflected on the unaffected side, as shown in 
Figure 3b, to make the intersection situation of 

Figure 1. The adopted methodology procedure

Figure 2. Converting a medical data scan into 3D STL file
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the implant area with the unaffected side of the 
skull, that based on the intersection equation of 
the bounded area (rational parametric curve) with 
skull (rational parametric surface), which is de-
fined as [10]; 

	

r=r1=(𝑋𝑋1(𝑡𝑡)
𝑊𝑊1(𝑡𝑡) , 𝑌𝑌1(𝑡𝑡)

𝑊𝑊1(𝑡𝑡) , 𝑍𝑍1(𝑡𝑡)
𝑊𝑊1(𝑡𝑡))

𝑇𝑇
∩ 

𝑟𝑟 = 𝑟𝑟2 = (𝑋𝑋2(𝑢𝑢, 𝑣𝑣)
𝑊𝑊2(𝑢𝑢, 𝑣𝑣) , 𝑌𝑌2(𝑢𝑢, 𝑣𝑣)

𝑊𝑊2(𝑢𝑢, 𝑣𝑣) , 𝑌𝑌2(𝑢𝑢, 𝑣𝑣)
𝑊𝑊2(𝑢𝑢, 𝑣𝑣))

𝑇𝑇
, 

0 ≤ 𝑡𝑡, 𝑢𝑢, 𝑣𝑣 ≤ 1 
 

[
𝑋𝑋(𝑢𝑢, 𝑣𝑣)∗

𝑌𝑌(𝑢𝑢, 𝑣𝑣)∗

𝑍𝑍(𝑢𝑢, 𝑣𝑣)∗
] =  [

−1 0 0
0 1 0
0 0 1

] · [
𝑋𝑋(𝑢𝑢, 𝑣𝑣)
𝑌𝑌(𝑢𝑢, 𝑣𝑣)
𝑍𝑍(𝑢𝑢, 𝑣𝑣)

] (2) 

 
𝑃𝑃(𝑡𝑡, 𝑤𝑤) = 𝐶𝐶(𝑡𝑡) · 𝑇𝑇(𝑤𝑤), 0 ≤ (𝑡𝑡, 𝑤𝑤) ≤ 1 (3) 
 

	(1)

In this way, the implant patch was generated 
on the unaffected side, and reflected on the affect-
ed zone as a shell model, as shown in Figure 4. 

After generation, the implant patch as a shell 
section in (X,Y,Z) coordinates with two param-
eters (u) and (v), can reflect the designed shell 
implant model on the affected side using the 

reflection (mirror) concept about y,z plan, using 
the Equation 2 [11,12].
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𝑊𝑊2(𝑢𝑢, 𝑣𝑣) , 𝑌𝑌2(𝑢𝑢, 𝑣𝑣)

𝑊𝑊2(𝑢𝑢, 𝑣𝑣) , 𝑌𝑌2(𝑢𝑢, 𝑣𝑣)
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𝑍𝑍(𝑢𝑢, 𝑣𝑣)∗
] =  [

−1 0 0
0 1 0
0 0 1

] · [
𝑋𝑋(𝑢𝑢, 𝑣𝑣)
𝑌𝑌(𝑢𝑢, 𝑣𝑣)
𝑍𝑍(𝑢𝑢, 𝑣𝑣)

] (2) 

 
𝑃𝑃(𝑡𝑡, 𝑤𝑤) = 𝐶𝐶(𝑡𝑡) · 𝑇𝑇(𝑤𝑤), 0 ≤ (𝑡𝑡, 𝑤𝑤) ≤ 1 (3) 
 

	 (2)

Also, it can generate a solid model of cranial 
implant using the concept of swept surfaces for 
space curve C(t) notice as the profile along the 
transformation path may include translation or 
rotation. The following equation expressed the 
swept surfaces [13].

	

r=r1=(𝑋𝑋1(𝑡𝑡)
𝑊𝑊1(𝑡𝑡) , 𝑌𝑌1(𝑡𝑡)

𝑊𝑊1(𝑡𝑡) , 𝑍𝑍1(𝑡𝑡)
𝑊𝑊1(𝑡𝑡))

𝑇𝑇
∩ 

𝑟𝑟 = 𝑟𝑟2 = (𝑋𝑋2(𝑢𝑢, 𝑣𝑣)
𝑊𝑊2(𝑢𝑢, 𝑣𝑣) , 𝑌𝑌2(𝑢𝑢, 𝑣𝑣)
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0 ≤ 𝑡𝑡, 𝑢𝑢, 𝑣𝑣 ≤ 1 
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𝑋𝑋(𝑢𝑢, 𝑣𝑣)∗
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−1 0 0
0 1 0
0 0 1
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] (2) 

 
𝑃𝑃(𝑡𝑡, 𝑤𝑤) = 𝐶𝐶(𝑡𝑡) · 𝑇𝑇(𝑤𝑤), 0 ≤ (𝑡𝑡, 𝑤𝑤) ≤ 1 (3) 
 

	 (3)

Figure 5 presented the designed 3D cranial 
implants for the affected side of the patient skull. 
The overall dimension of skull was (205.7, 149.0, 
154.9) mm, and the dimension of the designed 
cranial implant was (139, 131.1, 38.8) mm.

Figure 3. Detecting the cranial implant area

Figure 4. The designed shell model of the cranial implant
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Fixation design 

After designing the cranial implant, fixation 
parts to fix the implant to the skull. Had to be de-
signed The position and geometry of fixture parts 
were designed with the dimensions shown in Fig-
ure 6. These fixtures were embodied with cranial 
implant, and it can be mounted using a screw with 
2 mm diameter. Also, porosity has been designed 
with uniform distribution of circular hole with a 
diameter of 2 mm, to decrease the weight of the 
overall designed implant. The final shape of the 
designed cranial implant with fixtures is present-
ed in Figure 7.

Dimensional accuracy of the designed model

The designed cranial implant must have the 
exact dimension of the defected patch in the skull. 

Thus, a validation process was executed using the 
image processing technique. Figure 8 introduced 
the adopted procedure for dimension accuracy us-
ing the Matlab software. 

The adopted image processing technique

In the present work, the Matlab software was 
used to achieve the procedure of image processing 
technique for dimension accuracy domain. The 
procedure starting with capturing of multi-views 
of the cranial implant, and the defected zone of 
skull for the patient. After that these images were 
prepared in Matlab and then converted from RGB 
image into gray scale image; also, visualization 
enhancement was done. Figure 9 presents the im-
age processing for both cranial implant and the 
defected zone in the skull of the patient with mul-
tiple views. 

Figure 5. The defected skull and the designed cranial implant for the patient

Figure 6. Cranial implant fixture dimension
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Figure 7. The designed cranial implant with fixture

Figure 8. The introduced procedure for image processing and dimensional

Manufacture of model prototypes

The additive manufacturing (AM) technique 
has been used to fabricate the prototypes of the 
intended models for the defected skull and the 

designed cranial implant for the patient under 
study. The AM technology referred to use the 
additive processes, which combine materials 
layer by layer. This technique has more ben-
efits, particularly: it is an automated manufac-
turing process based on layer technology, and it 
is a freedom fabrication process, so it is able to 
fabricate any sophisticated geometry of the free 
form surfaces [14, 15].

The generated models in Figures 5 and 7 were 
exported as stereolithography (STL) file format 
to manufacturing software (Ultimaker CURA 
4.7) for simulating the manufacturing process us-
ing a 3D printing process, as shown in Figure 10. 
This software enables generating a G-coded tool 
path for nozzle of a 3D printing machine, also, it 
can determine the fabrication conditions, such as 
speed and temperature of printing, the used mate-
rial and pattern and density of infill. In the present 
work an Any cubic Mega S 3D printing machine 
has been used to generate the prototype for the 
solid model of the skull and implant.
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Polylactic acid (PLA) was used as a filament 
to generate the 3D physical model of the defected 
skull and designed implant. The diameter of fila-
ment was (1.75 mm), the temperature of printing 
for nozzle was (200 °C), and the plate tempera-
ture sited to (60 °C), also the printing speed was 
(40 mm/s), while the speed of infill and support 
were set as (30 mm/s), in addition to 20% infill 
density with grid pattern.

Figure 11 shows the fabricated prototypes of 
the defected skull and designed cranial implant 
using the adopted 3D printer machine.

Dimensional accuracy results 

The enhancing procedure that was adopted in 
the present work was carried out to obtain a pre-
cise boundary for the images as a requirement for 

Figure 9. The image processing of the skull and implant image

Figure 10. Individual simulation processes for the skull and implant
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Table 1. The digitizing data and difference value for both cranial implant and the defected zone in the skull of the 
patient with front and back view images

Point
no. View

Skull image Implant image The difference value

x y x y x skull-x implant y skull-y implant

1

Front

110.9146 485.4623 109.0526 484.4918 1.861984 0.970557

2 117.7076 474.4627 117.7076 474.4627 0 0

3 121.5696 460.767 119.6386 460.767 1.630992 0

4 124.4316 443.297 122.5696 443.297 1.861984 0

5 119.6386 427.7681 119.6386 427.7681 0 0

6 119.6386 410.4059 118.7299 410.4059 0.908702 0

7 122.5006 393.0437 120.7386 393.0437 1.761984 0

8 125.4316 369.2111 123.5919 369.2111 1.839694 0

9 124.4316 343.5453 122.6696 342.6826 1.761984 0.862718

10 120.5696 319.8206 119.7299 319.8206 0.839694 0

11 111.0059 299.684 109.9836 301.3505 1.02229 -1.66655

12 97.48896 294.1547 95.75797 295.8507 1.730992 -1.69599

13 78.17904 284.1256 78.17904 284.1256 0 0

14 59.89141 270.3221 58.98271 270.3221 0.908702 0

15 49.32775 257.4892 49.32775 257.4892 0 0

16

Back

264.5143 474.235 264.5143 474.235 0 0

17 280.9805 456.1843 280.9805 456.1843 0 0

18 280.9805 449.9197 281.9555 449.9197 -0.97497 0

19 292.0302 431.869 292.0302 431.869 0 0

20 298.53 415.6233 298.53 416.579 0 -0.95562

21 305.8965 400.3333 307.7381 400.3333 -1.84162 0

22 311.4213 380.4775 313.263 381.4332 -1.84162 -0.95562

23 319.6545 364.2319 320.6294 364.2319 -0.97497 0

24 327.8876 345.3318 327.0209 346.2874 0.86664 -0.95562

25 332.5458 330.0417 332.5458 330.0417 0 0

26 341.7539 311.991 340.7789 311.991 0.97497 0

27 264.5143 474.235 264.5143 474.235 0 0

converting this boundary into coordinate data for 
these images. Origin pro 2024 software use to digi-
tize the images. Tables 1 and 2 demonstrate the dig-
itizing data and the difference value for horizontal 
and vertical coordinate for each 2D image dimen-
sion, these difference values were calculated for the 
boundary area of 2D images for the cranial implant 
and the defected zone in the skull of the patient. Ta-
ble 1 presents these values for front and back views, 
while Table 2 shows the dominant value for top and 
right-side views. The difference values were calcu-
lated using the formula in Equation 4.

	 Diff. = CVDS – CVCI	 (4)

where:	CVDS – coordinate value of defected 
skull, CVCI – coordinate value of the cra-
nial implant.

The deviation scattering for the digitized data 
are shown in Figures 12 and 13 for x and y axis, re-
spectively. The results of the dimensional accuracy 
are listed in Tables 1 and 2; also, the result of the 
difference between the edge of skull and the edge 
of the designed cranial implant for the defected 
zone in skull are shown as scattering data in Fig-
ures 12 and 13.

From these results, it can be noticed that a 
dimensional deviation value was in the range of 
±1.861984 mm, this deviation could be observed 
due to many reasons, such as, difficulties to detect 
the boundary of the images during image process-
ing technique, and illumination or orientation prob-
lems during capturing images. Despite that, this 
deviation value was very small, comparing with 
the dimension of skull and the designed implant. 
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Table 2. The digitizing data and difference value for both cranial implant and the defected zone in the skull of the 
patient with top and right-side view images

Point
no. view

Skull image Implant image The difference (scattering) value

x y x y x skull-x implant y skull-y implant

1

Top

87.4242 75.39661 89.22007 75.39661 -1.79587 0

2 92.81181 86.04221 93.76257 84.32863 -0.95076 1.713584

3 100.9461 86.87716 100.9461 86.04221 0 0.834949

4 148.3782 100.2363 149.3289 98.46208 -0.95076 1.774267

5 158.2026 109.0033 159.9985 107.4941 -1.79587 1.509215

6 192.3242 123.1974 192.3242 121.4232 0 1.774267

7 211.128 123.1974 211.128 122.3625 0 0.834949

8 233.5236 127.6853 232.6785 125.911 0.845116 1.774267

9 251.4823 130.0081 251.4823 128.6853 0 1.3228

10 289.935 142.7144 289.935 141.7751 0 0.939318

11 306.0979 147.0979 307.0486 145.3236 -0.95076 1.774267

12 346.4522 155.9692 347.2973 155.9692 -0.84512 0

13 399.2719 170.1633 398.4268 170.1633 0.845116 0

14 525.6167 201.1001 525.6167 199.5516 0 1.548533

15 537.3427 207.4229 536.3919 205.6486 0.950755 1.774267

16

Right-
side

137.8849 486.3313 136.9894 486.3313 0.895538 0

17 326.147 361.677 325.6594 362.6416 0.487607 -0.96465

18 326.147 269.8208 325.4554 269.8208 0.691573 0

19 305.0521 250.7422 305.0521 251.5996 0 -0.85747

20 294.1066 243.4537 294.9026 243.4537 -0.79603 0

21 228.2348 217.0866 228.2348 216.1219 0 0.964651

22 218.8814 212.4777 218.8814 212.4777 0 0

23 193.6073 214.2998 193.6073 214.0866 0 0.213231

24 139.5765 281.7182 139.5765 280.7535 0 0.964651

25 104.949 309.9074 104.949 310.7649 0 -0.85747

26 88.03327 322.5551 88.03327 324.3772 0 -1.82212

27 64.35125 368.9655 63.55521 370.4318 0.796034 -1.46635

28 58.4805 385.3645 60.17207 384.5071 -1.69157 0.857467

29 58.78892 412.6963 59.07653 412.6963 -0.28761 0

30 99.87427 473.5765 99.87427 472.719 0 0.857467

Figure 11. Skull and cranial implant prototypes
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Figure 12. Deviation scattering in x-axis data between skull and implant projection

Figure 13. Deviation scattering in y-axis between skull and implant projection

CONCLUSIONS 

Utilizing biomedical engineering data in 
NRRD format collected from CT or MRI scans, 
specialized algorithms were applied for surface 
reconstruction through intersection, reflection, 
and sweeping techniques. The dimensions of the 
defective skull were (205.7, 149.0, 154.9) mm, 
while the designed cranial implant measured 
(139, 131.1, 38.8) mm. MATLAB image process-
ing techniques were employed to calculate the dif-
ferences between the defective skull and the new 
implant, yielding a difference range of ±1.861984 
mm, which is minimal compared to the overall di-
mensions of the skull and implant. Fixation com-
ponents were designed to secure the implant to the 
skull, allowing for mounting with a 2 mm diameter 

screw. Additionally, a uniform distribution of cir-
cular pores, each with a diameter of 2 mm, was 
incorporated into the design to reduce the over-
all weight of the implant. Additive manufacturing 
technology, specifically 3D printing, was used to 
create prototypes for both the defective skull and 
the newly designed cranial implant.
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