
Citation: Moiduddin, K.; Mian, S.H.;

Alkhalefah, H.; Ramalingam, S.;

Sayeed, A. Customized

Cost-Effective Cranioplasty for Large

Asymmetrical Defects. Processes 2023,

11, 1760. https://doi.org/10.3390/

pr11061760

Academic Editors: Yanzhen Zhang

and Luis Puigjaner

Received: 13 April 2023

Revised: 25 May 2023

Accepted: 5 June 2023

Published: 9 June 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

processes

Article

Customized Cost-Effective Cranioplasty for Large
Asymmetrical Defects
Khaja Moiduddin 1,* , Syed Hammad Mian 1 , Hisham Alkhalefah 1 , Sundar Ramalingam 2

and Abdul Sayeed 3

1 Advanced Manufacturing Institute, King Saud University, Riyadh 11421, Saudi Arabia;
smien@ksu.edu.sa (S.H.M.); halkhalefah@ksu.edu.sa (H.A.)

2 Department of Oral and Maxillofacial Surgery, College of Dentistry and Dental University Hospital,
King Saud University Medical City, Riyadh 11545, Saudi Arabia; smunusamy@ksu.edu.sa

3 Department of Mechanical Engineering, College of Engineering, King Saud University,
Riyadh 11421, Saudi Arabia; 439106628@student.ksu.edu.sa

* Correspondence: khussain1@ksu.edu.sa; Tel.: +966-11-63287

Abstract: Cranioplasty or cranial reconstruction is always a challenging procedure even for experi-
enced surgeons. In this study, two different design techniques for customized cranial prostheses are
assessed for cranial reconstruction. Mirror reconstruction is one of the commonly used reconstruction
techniques that fails when cranial defects cross the midline of symmetry. Hence, there is a need
for a design technique for the reconstruction of cranial defects irrespective of their location on the
symmetrical plane. The anatomical reconstruction technique demonstrates its applicability for a wide
spectrum of complex skull defects irrespective of the defective position in the anatomical structure.
The paper outlines a methodological procedure involving a multi-disciplinary approach involving
physicians and engineers in the design and reconstruction of customized cranial implants for asym-
metrical skull defects. The proposed methodology is based on five foundation pillars including the
multi-disciplinary approach, implant design process, additive-manufactured implant, implant fitting
analysis, and cost and time analysis for the customized implant. The patient’s computed tomography
scan data are utilized to model a customized cranial implant, which is then fabricated using electron
beam melting technology. The dimensional validation of the designed and fabricated titanium im-
plant based on the anatomical approach results in a precision of 0.6345 mm, thus indicating a better fit
than the standard mirroring method. The results of fitting accuracy also reveal that the manufactured
implant’s average deviation is very close to the planned reconstruction area with an error less than
1 mm, suggesting that the customized titanium implant fits the skull model quite precisely. The cost
and time analysis reports that the cost for producing a customized cranial implant using electron
beam melting technology is around USD 217.5 and the time taken to build is approximately 14 h and
27 min, which is low when compared to other studies. The cost and time analysis also demonstrates
that the proposed design would be less burdensome to patients when compared to standard practice.
Therefore, the new anatomical design process can be used effectively and efficiently to treat a number
of diverse cranial abnormalities with the enhanced cranial implant design.

Keywords: cranioplasty; customized implants; additive manufacturing; anatomical design; fitting
accuracy analysis

1. Introduction

Restoration and reconstruction of cranial defects represents serious challenges to the
patient, the surgeon, and society. Large cranial defects determine the outline of the facial
appearance and one of the primary objectives in the reconstruction of cranial defects is to
recover the brain function along with the restoration of facial appearance [1]. The large
cranial defect is always a challenging surgery even for experienced surgeons due to the
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presence of vital organs such as the brain around the affected skull area [2]. In addition,
the chances of infection, the uniqueness of each defect, and vital organs adjacent to the
affected part increase the complexity of the cranioplasty. Cranial defects have various
origins, namely tumors, congenital injuries, accidents, infections, etc. [3]. Skull defects
often occur due to head traumas as well as skull deformities owing to a previous surgery
or removal of a brain tumor, all of which needs a surgical operation to remove part of the
cranial bone to access the brain [4]. To repair the damage, a synthetic substitute such as
titanium or biocompatible polymer is used to replace the original bone structure that is too
damaged to be re-used again.

Cranioplasty has a long history of surgical intervention, but the introduction of new
techniques and implant materials has greatly improved the precise restoration of cranial
defects. There are several methods for the reconstruction of cranial defects, keeping in mind
a series of factors such as type of material used, surgical procedures, associated morbidity,
and its healing time. Custom-designed cranial implants have gained importance over
generic implants due to their custom fitting, shorter operating time, and better cosmetics [5].
The mirror reconstruction approach, which replaces the damaged component and mirrors
it with the opposite side of a healthy part to create the implant geometry, is the most often
used among the bespoke implant design methods [6]. If the defect is large and crosses
the plane of symmetry—the midline, the mirror technique fails to generate the implant
geometry. Hence, to overcome this limitation of the mirror reconstruction technique, an
anatomical design reconstruction is proposed where it uses smooth guiding curves to
generate the implant geometry.

Titanium and its alloys are regarded as excellent choices as bone substitutes due to
their mechanically robust and bioactive characteristics [7]. Titanium and its alloys have
the highest strength-to-weight ratio and high corrosion resistance among the other bio-
metals [8]. In addition, the titanium alloy (Ti6Al4V) forms a thin protective film of titanium
oxide on its surface, which helps in the osseointegration [9]. With the development of
computer-aided design (CAD), computer-aided manufacturing (CAM), and modeling, as
well as the advancement of prototyping technologies such as additive manufacturing (AM),
the issue of cosmetic reconstruction has become less challenging. AM or three-dimensional
(3D) printing is a new method for the fabrication of implants where successive layers of
materials are placed on top of each other. AM allows the production of physical parts by
obtaining the information directly from the 3D CAD model. This technology has gained
widespread attention in medical applications due to its ability to produce a wide range of
medical implants from the Computed Tomography (CT) Scanned data [10]. The emergence
of 3D printing in medical applications with structural capabilities has been a useful tool in
the preparation and planning of complex and challenging surgeries. AM technologies have
been extensively used in many medical specialties including orthopedics, traumatology,
craniofacial, and maxi-facial and plastic surgeries [11,12].

This research study focuses on the hypothesis that large cranial defects with asymmet-
ric shapes can be precisely reconstructed and fabricated using anatomical design techniques
and AM technology, respectively. The fitting accuracy analysis is also performed to make
sure that the produced titanium cranial implant fits precisely onto the skull model. The
objective of this study is to develop a methodology that can be used to produce a low-cost
accurate cranial implant irrespective of the defective region either on a symmetrical or
asymmetrical plane.

2. Materials and Methods

The methodology used in the reconstruction of a customized cranial implant as shown
in Figure 1 involves various stages of a multi-disciplinary approach comprising the inter-
action between the physicians and engineers for the design as well as fabrication of the
customized cranial implant. The communication interface contributes to the enhancement
of implant design, reduction in clinical errors, and, most importantly, satisfaction to the
patient. In this study, a clean skull model is selected for the creation of an artificial defect in
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the mid-cranial region. The clean skull is used to act as a reference model in the accurate
assessment of the customized cranial implant. Two design reconstruction techniques such
as mirror reconstruction and anatomical reconstruction are employed in the development
of the customized cranial implant design. The obtained customized cranial implant design
after reconstruction is assessed with the clean skull model for accuracy analysis. All experi-
ments are performed in accordance with the guidelines and approval of the institutional
review board committee (Project No. E-22-7235 and approval letter reference number
23/0012/IRB-A).
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Figure 1. Methodology used for the reconstruction of large cranial defect.

2.1. Image Processing and Creation of Artificial Defect

The radiologist performs the CT scan and the scanned images are recorded in the
Digital Imaging and Communications in Medicine (DICOM) format, a standard way to
save medical images. The DICOM files containing a series of two-dimensional (2D) images
are stored in a database and shared with the design engineers. The DICOM images are
processed using Medical modeling software MimicsR 17.0 (Materialise, Leuven, Belgium)
and a 3D digital image (Figure 2a) is generated. The obtained 3D image is reconstructed
and segregated into different segments (Figure 2b) using segmentation and region growing
techniques in order to achieve the region of interest—skull (Figure 2c). The outer region
of the healthy skull model is marked for the creation of an artificial segmental defect
(Figure 2d) to replicate the characteristics of a defective skull region. This is performed
to design a customized implant based on the defective region and then to compare the
reconstructed designed skull implant with the healthy skull. The defective skull as shown
in Figure 2e would act as a template for the customized implant design.
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labeling; and (e) an experimental segmental defect.

2.2. Skull and Implant Design

There are two well-known reconstructive techniques for implant design, which include
the mirror reconstruction technique and the other anatomical design technique. The mirror
technique is the most applied reconstruction technique in cranial implant designs [13,14].
There are several research studies involving mirroring techniques in the reconstruction
of cranial defects [15,16]. In this technique, the defective part is removed and the healthy
unaffected part is mirrored based on the referenced symmetrical plane in order to obtain a
clean and healthy skull model. Based on the healthy skull model, the customized implant
is designed.

In this study, the mirror reconstruction technique is employed initially to generate
the implant model owing to its simplicity. The purpose is to evaluate its feasibility for
the asymmetrical defect that is being investigated in this research. Thus, the experimental
cranial segmental defect is subjected to the mirror reconstruction technique using medical
modeling design software 3-Matic 13.0 (Materialise, Leuven, Belgium). A mid-plane is
defined (Figure 3a) by choosing two extreme end points after importing the segmental
defect into 3-Matic. Based on the mid-plane, the left side of the tumor region is resected
in order to perform the mirror operation (Figure 3b). The healthy right side of the cranial
region is mirrored to the left side (Figure 3c) as well as merged and wrapped to obtain
the final skull (Figure 3d). However, the obtained final skull still has voids, so the model
cannot be used for implant design. If the cranial defect crosses the plane of symmetry, it is
impractical and inaccurate to use the mirror reconstruction technique. Therefore, there is a
greater need of an alternative approach for asymmetrical anatomical defects.



Processes 2023, 11, 1760 5 of 20Processes 2023, 11, x FOR PEER REVIEW 5 of 21 
 

 

 
Figure 3. Steps involved in the mirror reconstruction technique consisting of (a) Skull with midplane 
sketch for resection, (b) performing mirror operation based on the sketch plane and the right skull, 
(c) obtaining the mirror left skull, and (d) the obtained final 3D model illustrating the void region. 

One of the major drawbacks of the mirror reconstruction technique is that it can only 
be used for unilateral defects and not in every defective case study. If the defect is large 
and is located on both sides of the symmetrical region, the design fails. Hence, to over-
come this error, a new design technique known as anatomical reconstruction is used.  

In anatomical reconstruction design, a guiding curve is used for the bone reconstruc-
tion. It is a curve-based surface processing and refinement process. The experimental seg-
mental defect is imported into 3-Matic (Figure 4a) and a smooth curve is chosen with “at-
tract and attach curve” to mark around the defective region as an outline of the defect 
(Figure 4b). The next step of creating the sketch plane based on the mid-plane method is 
optional as it is employed with the unilateral defect to project the mirror image of a 
healthy skull along the midsagittal plane, which serves as a template (Figure 4c). 

As in the present case, the defect is on the bilateral region, where mirroring is inap-
plicable. Hence, the damaged cranium outlines and reference data are imported into the 
sketch plane, which is then rotated at 90° (Figure 4d,e), resulting in an overlay that pro-
vides an estimation of the starting and ending points of the spline. Following that, each 
spline is manually drawn on the outside bone surface using the reference geometry (Fig-
ure 4f).  

Refinement of the guiding curve is performed to match the skull model (Figure 4g). 
An experienced individual is required to execute this task, given that the splines serve as 
the fundamental geometry for generating a simulated cranial implant. A surface recon-
struction operation is used to obtain the resulting implant surface with the entity as a 
smooth curve drawn around the defect and the guiding lines as the sketch plane. The 
implant template is provided with a bone thickness of 1 mm via the uniform offset tool, 
thus transforming it into a preliminary virtual implant (Figure 4h,i). The removal of un-
dercuts and the creation of screw holes, followed by the implementation of smoothing 
and finishing procedures (Figure 4j,k), are carried out to ensure a precise fit of the implant 
onto the affected area of the skull (Figure 4l). At the initial revision meeting, the surgeon 
and the design engineers examine and validate the design model as shown by the red 
circle (Figure 1). 

Figure 3. Steps involved in the mirror reconstruction technique consisting of (a) Skull with midplane
sketch for resection, (b) performing mirror operation based on the sketch plane and the right skull,
(c) obtaining the mirror left skull, and (d) the obtained final 3D model illustrating the void region.

One of the major drawbacks of the mirror reconstruction technique is that it can only
be used for unilateral defects and not in every defective case study. If the defect is large
and is located on both sides of the symmetrical region, the design fails. Hence, to overcome
this error, a new design technique known as anatomical reconstruction is used.

In anatomical reconstruction design, a guiding curve is used for the bone reconstruc-
tion. It is a curve-based surface processing and refinement process. The experimental
segmental defect is imported into 3-Matic (Figure 4a) and a smooth curve is chosen with
“attract and attach curve” to mark around the defective region as an outline of the defect
(Figure 4b). The next step of creating the sketch plane based on the mid-plane method is
optional as it is employed with the unilateral defect to project the mirror image of a healthy
skull along the midsagittal plane, which serves as a template (Figure 4c).

As in the present case, the defect is on the bilateral region, where mirroring is inap-
plicable. Hence, the damaged cranium outlines and reference data are imported into the
sketch plane, which is then rotated at 90◦ (Figure 4d,e), resulting in an overlay that provides
an estimation of the starting and ending points of the spline. Following that, each spline is
manually drawn on the outside bone surface using the reference geometry (Figure 4f).

Refinement of the guiding curve is performed to match the skull model (Figure 4g). An
experienced individual is required to execute this task, given that the splines serve as the
fundamental geometry for generating a simulated cranial implant. A surface reconstruction
operation is used to obtain the resulting implant surface with the entity as a smooth curve
drawn around the defect and the guiding lines as the sketch plane. The implant template is
provided with a bone thickness of 1 mm via the uniform offset tool, thus transforming it
into a preliminary virtual implant (Figure 4h,i). The removal of undercuts and the creation
of screw holes, followed by the implementation of smoothing and finishing procedures
(Figure 4j,k), are carried out to ensure a precise fit of the implant onto the affected area of
the skull (Figure 4l). At the initial revision meeting, the surgeon and the design engineers
examine and validate the design model as shown by the red circle (Figure 1).

2.3. Fabrication

AM enables the fabrication of models directly from the 3D virtual model, thus reducing
the cost and time. In this study, a Stratasys Dimension Elite Fused deposition modeling
(FDM) 3D printer is used for the fabrication of the cranial polymer model and ARCAM’s
Electron beam melting (EBM) machine is used for the fabrication of the titanium cranial
implant. ARCAM’s EBM technology is regarded as the state-of-the-art metallic system,
which rapidly manufactures custom-designed objects based on the CT data. The fabrication
of medical implants using EBM is extremely beneficial as the whole process takes place
in a closed environment with an elevated temperature of 700 ◦C to reduce the build-up
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of residual stresses and other impurities. EBM has been extensively used for orthopedic
medical devices including knee, hip, cranial, dental, and maxillofacial implants.
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Figure 4. Flow process of anatomical design technique. (a) Skull model with the experimental
segmental defect at the center, (b) Indicating outline of the experimental defect using a smooth
curve, (c) Creating a sketch for customized implant design using mid-plane method, (d) Rotating the
sketch by 90 degrees for implant template design, (e) Importing the skull anatomy into the sketch
plane, (f) Creating spline tool to draw a curve around the defect for customized implant template,
(g) Adjusting and matching the curve with the skull model, (h) Applying a surface reconstruction
operation based on the curve and the sketch plane to obtain the implant template. (i) The implant
template fits perfectly onto the skull model; (j) the implant template is separated into a new part;
(k) Thickness, screw holes, and finishing operations are performed on the implant template to obtain
the final customized implant; and (l) The designed customized implant fits precisely around the skull
defect with fixing screws.

The cranial model is produced using Acrylonitrile butadiene styrene (ABS) material
through the FDM machine (Figure 5a). Supports are required to assist the overhang parts
during the build process. The final obtained cranial model with supports (Figure 5b) is
subjected to a soluble solution of heated water and cleaning agent to remove the supports
(Figure 5c).
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For the implant fabrication, 3D data of the customized implant design are imported
into the EBM machine where the high-velocity beam of electrons bombards and melts
the Ti6AL4V ELI powder as per the geometry under vacuum conditions. To prevent
the dispersion and interaction of electrons with air particles, the entire EBM process is
carried out in an enhanced vacuum of 10−3 to 10−5 mbar. To reduce the vacuum pressure
during melting, helium gas is released, allowing the component to cool and ensuring
beam consistency [17]. Depending on the design target, the beam current and scan speed
changes. Thin wall features are melted at a beam current of 5–10 mA, whereas larger
sections are melted at a beam current of 20–30 mA. In this study, titanium alloy powder
(Ti6Al4V ELI) with particles between 50 and 100 µm is used. The chemical composition of
Ti6Al4V ELI (extra-low interstitial) consists of 6.04% Al (Aluminum), 4.05% V (Vanadium),
0.013% C (carbon), 0.0107% Fe (Iron), and 0.13% O (Oxygen), with the rest as Ti (Titanium)
in weight percent.

The schematic diagram of the EBM fabrication process is illustrated in Figure 6. The
EBM mechanism comprises four stages.

1. Preheating/sintering the powder;
2. Melting with focused electron beam;
3. Lowering the build platform;
4. Raking the powder.

Stage 1: The titanium powder is initially preheated at a faster scan speed until it
reaches a target temperature of 730 ◦C. In this stage, the default ARCAM parameters of
preheat I and preheat II are preferred. In preheat I, the entire powder bed is scanned, while
in preheat II, the scanning is primarily performed in the building region.

Stage 2: The high-speed electron beam scans the metal powder line by line in accor-
dance with the CAD design. Melting comprises two cycles, contouring and infill hatching.
Initially, numerous electron beams melt the contours as per the boundary cross-section of
the 2D slices. Infill hatching consists of melting within the contours with the beam rastered
back and forth. Most of the melting is performed during hatching, and the remaining
powder is eventually recycled and used again in the next build.

Stage 3: The build platform is lowered by a predetermined height following each
melt cycle.

Stage 4: The build platform is lowered, a fresh layer of powder is evenly raked on top
of the previous build layer, and the same process is repeated to complete the build cycle.
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Figure 6. ARCAM’s EBM machine with schematic diagram presenting the fabrication process.

The obtained built titanium cranial implant is subjected to a powder recovery system
(PRS) (Figure 7a) for post-processing to blast away the semi-sintered powder particles
(Figure 7b) attached to the implant. The blasting is performed with high-pressure air mixed
with Ti6Al4V powder. The blasted titanium powder is recycled back to the EBM machine
after passing through the sieving machine. The titanium implant with supports (Figure 7c,d)
is manually removed using tools such as plyers. The obtained titanium cranial implant
without supports (Figure 7e) and the ABS cranial model are evaluated through fitting
analysis in the second revision meeting between the surgeons and the fabrication engineers.
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The customized titanium cranial implant is then subjected to the cleaning and steril-
ization process to reduce contamination and to destroy all microbes before being prepared
for surgery. Following the fabrication process, material characterization of the titanium
implant as well as the cost and time analysis study are also carried out. The material
characterization involving the powder metallurgical test and elemental analysis of the
build specimen is performed to investigate the chemical composition of feedstock powder
and the material composition of the Ti6Al4V ELI specimen post EBM fabrication. Cost
and fabrication time analysis is performed to understand the economics of the customized
cranial implant.

Scanning electron microscopy (SEM) analysis is carried out to investigate the titanium
powder size morphology used in the EBM process. Ti6Al4V ELI gas-atomized powder
produced by ARCAM is used to create the EBM-built cranial implant in this investigation.
The ELI variant of Ti6Al4V comprises lower amounts of oxygen, nitrogen, carbon, and iron.
Figure 8 illustrates the SEM images of Ti6Al4V powder particles. The Ti6Al4V ELI powder
used in the ARCAM’s EBM machine confirms that the powder particles are predominantly
spherical in shape with a slight variation in the geometry.
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In the EBM process, fine powder particles between 50 and 100 m are employed. The
size and shape of the powder have an impact on the EBM build platform and its sintering
kinetics between the powder particles. The geometrical dimension of the feedstock powder
is determined to be in the range of 50 to 100 µm with an average estimate of 75 µm using a
laser diffraction technique. The chemical composition (wt%) of Ti6Al4V ELI powder used
in the fabrication process is in accordance with the ASTM F136 Standards, as shown in
Table 1.
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Table 1. Chemical specification of ARCAM’s Ti6Al4V ELI powder (wt. %).

Sample Aluminum (Al) % Vanadium (V) % Titanium (Ti) %

Feed stock Powder [18] 6.04 4.05 89.76
ASTM F136 [19] 5.5–6.5 3.5–4.5 88.48
Titanium Implant 6.24 3.89 89.87

The Ti6Al4V ELI post-EBM-manufacturing material composition is examined and the
overall composition of the specimen is measured as follows: 6.24% Al, 3.89% V, and 89.87%
Ti in weight percent. The chemical composition of the manufactured EBM specimen has not
deviated significantly from the initial composition of the powder feedstock, as provided by
ARCAM’s EBM.

2.4. EBM-Built Cranial Implant Cost and Time Analysis

The economics of EBM fabrication of the cranial implant are examined here. Because
of the significant investment costs associated with the product development phases in the
medical industry, accurate cost assessment of AM parts is crucial. Furthermore, incorrect
estimates have costly repercussions and may lead to output loss. Few AM cost models
have been developed by previous researchers [20,21]. When compared to the traditional
manufacturing process, the EBM process depends on a number of selective factors in the
production cycle [22]. The AM cost varies with respect to the manufacturing technology,
design geometry, orientation, and the type of material used [23]. This work makes use
of an inclusive cost and time model developed by Priarone et al. [24], to investigate the
economics of the EBM-fabricated cranial implant. The weighing scale (Ohaus Company,
Parsippany, NJ, USA) is used to determine the weights (in grams) for the cranial implant,
as shown in Figure 9.
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The implemented cost model to estimate the fabrication cost (C EBM Build Part) of the
cranial implant (Table 2) involves the raw material cost, energy consumption cost, and
the machine running cost as presented in Equation (1). As shown in Equation (2), the raw
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material cost is composed of the price and the consumption of material for each build,
whereas the energy consumption cost is associated with the cost of running the EBM
machine while fabricating the cranial implant. The machine running cost includes the EBM
run time cost, which includes the EBM ownership cost and its consumables. Among all, the
AM machine running cost constitutes a substantial portion of the fabrication cost; however,
these costs gradually decline over time [25]. The cost model for the EBM-fabricated cranial
implant is defined as follows:

CEBM Build Part = Raw material cost + Energy consumption cost + machine running cost (1)

CEBM Build Part = (RMCost × MConsumpition) + (ECost × FTime) + (Mcost × FTime) (2)

RMcost = Raw material cost (USD/gram)

Mconsumpitio = Material consumption (grams)

FTime = Fabrication time of build part and Post-processing measured in hh:mm and simplified in hours for multiplication

ECost = Energy consumption cost measured as electricity cost in USD/KWh.

Mcost = Machine running cost in USD/hr.

Table 2. The cost distribution factors for the EBM-built cranial implant.

Cost Distribution Factors

Raw material cost

Material consumption
(Grams)

MConsumption

Weight of implant with
supports 81.46 g

Mconsumption (Material
consumed for cranial implant

with supports)
81.46 g

Raw material cost (Per gram) RM cost (Ti6Al4V ELI cost
price) USD 0.24/gram USD 240/kg

(MConsumption × RWCost) Implant cost USD 19.55 (81.46 g × USD 0.24/g)

Energy consumption cost

Fabrication Time (Hours)
FTime

(Fabrication of cranial
implant)

Time to obtain a desired
vacuum level 0:40 hh:mm

Time to heat start plate 0.50 hh:mm

EBM cool-down time 4–6 hh:mm Avg 5 h

Build time for cranial implant 4:50 hh:mm

FTime
Time for completion of cranial

implant
11.33 h

Time for desired vacuum level
+ heating start plate + EBM
cool down time + part build

time
(0:40 + 0:50 + 5:00 + 4:50)
=11:20 hh:mm = 11.33 h
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Table 2. Cont.

Cost Distribution Factors

EBM energy consumption
(KW) for Implant fabrication

EBuild

EBM Power supply 7 KW [26]

EBM Electricity cost (Per hour)
ECost

ECost (Energy consumption
cost for EBM) USD 0.085/KWh

Electricity tariff = Sar
0.32/KWh

“https://www.se.com.sa/en-
us/customers/Pages/

TariffRates.aspx (accessed on
24 December 2022)”

Conversion of Sar to USD
= USD 0.085/KWh

EBuild × FTime ×
ECost

Cranial implant with support USD 6.74

=(EBM power consumption ×
EBM built time for cranial

implant with supports × EBM
energy consumption cost)
=7 KW × 11.33 h × USD

0.085/KWh

Machine running cost

Mcost
(Machine running cost/h)

EBM machine running cost is
EUR 32/h [27] USD 33.78/h

FTime (EBM running time)
EBM running time, which
includes heating (0.50) and

melting cycle (4.50)
5.40 hh:mm 5.66 h (5.40 hh:mm)

Mcost × FTime
EBM running cost for cranial

implant USD 191.19 USD 33.78 × 5.66

Total Cost for fabricating
cranial implant Cranial Implant cost USD 217.50

(Material cost + Energy
consumption cost + EBM

running cost)
= USD19.55 + USD 6.74 +

USD 191.19

Prosthesis fabrication is often expensive and requires complex intraoperative proce-
dures. Several researchers have reported the cost of manually shaped and custom-shaped
titanium cranial implants in prior studies. The average cost for the manually shaped
titanium cranial implant is CAD 18,335 ± CAD 10,265, whereas, for the customized patient-
specific implant, it is CAD 31,956 ± CAD 31,206 [28]. One of the factors that contribute to
the rising cranial implant cost is the long duration of stay in the hospital post operation.
A previous study of 8275 cranioplasty patients found that the implant material does not
affect the complication and cost rates, but rather the size of the defect, the timing of the
cranioplasty, and any prior infections [29]. A customized titanium implant costs approxi-
mately USD 5500 to USD 8000 depending on the size and complexity [30]. Abel de la pena
et al. in their study proposed a customized cranial prosthesis including the digital design
and 3D printing with a cost estimate of about USD 600 [31]. Manrique et al. [32] in their
study indicated that the average cost and manufacturing time for a craniofacial implant
were USD 8493 ± USD 837 and 2 weeks, respectively.

The time analysis for the fabrication of the cranial implant in this study includes the
time taken for the processing of CT scan images (TImage processing), the implant design pro-
cess (TImplant Design), fabrication of the cranial implant (TFabrication), and the post-processing
(TPost-processing) of the implant. The time taken for post-processing is measured in hh:mm.

TAnalysis = [TImage processing + TImplant Design + TFabrication + TPost-processing] (3)

https://www.se.com.sa/en-us/customers/Pages/TariffRates.aspx
https://www.se.com.sa/en-us/customers/Pages/TariffRates.aspx
https://www.se.com.sa/en-us/customers/Pages/TariffRates.aspx
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The time analysis (TAnalysis) for the fabrication of the cranial implant is presented in
Equation (3). The time taken for the processing of CT scan images is approximately 0:30
min and for designing the implant is around 1:30 min. The EBM fabrication time for the
cranial implant is approximately 11:20 h, as explained in Table 2. The post-processing time
for the removal of supports is around 1 h to 1:15 min. On average, it takes around 1 h:07
min for the removal of supports.

TAnalysis = [ 0:30 + 1:30 + 11:20 + 1:07] hh:mm

TAnalysis = 14:27 hh:mm

2.5. Implant Accuracy Evaluation

The mechanism for evaluating accuracy is shown in Figure 10. In this study, ABS,
a typical thermoplastic material, is used to make the skull framework. The EBM tita-
nium implant is subsequently assembled on the ABS skull framework for accuracy fitting
assessment, as shown in Figure 11a,b.
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A set of three EBM implant replicas is manufactured and each implant is examined
three times on the Coordinate Measuring Machine (CMM), as illustrated in Figure 12a.
The three prototypes are produced and measured three times to accommodate for any
uncertainties that may have occurred during the fabrication or inspection process. The
quality of models generated by the same machine can often fluctuate due to unpredictable
influencing variables such as varied operator performance, environmental variables, and
interferences. The three replicate EBM models are simply used to increase the result’s
dependability. The purpose of a CMM inspection is to assess the fitting accuracy of
an EBM-fabricated cranial implant and to determine any departure from the reference
skull geometry.

A bridge-type CMM with a scanning touch probe (ACCURA, Zeiss, Oberkochen,
Germany) is deployed. The scanning touch probe is employed, which has a 3 mm ball
tip and a 50 mm overall length. This machine, as indicated in Figure 12a, can handle
workpieces up to 1200 × 900 × 700 mm in size. The surface of the implant is analyzed
after it is fitted to the skull, as shown in Figure 12b. The inspection points are collected
on the implant to determine the maximum deviation in the outside direction. Cleaning
the machine and probing system, configuring the part on the machine table, calibrating
the scanning probe leading up to recording the points on the fabricated implant according
to the guidelines prescribed by CMM manufacturers, as well as validating international
norms, and establishing scanning parameters in the measurement software are all im-
portant stages when scanning the surface. It is crucial that the machine is clean and the
measuring component is immaculately secured on the machine table. This is because
dust and even the tiniest movement of the measurand can have a major impact on the
accuracy of the inspection result. The coordinate system is established on the implant-skull
assembly once it is perfectly positioned on the machine table. It specifies the assembly’s
zero coordinate (0, 0, 0), which serves as a reference for acquiring points on the measurand.
Scanning parameters include the point distance, which is curvature-dependent, having
considered the implant form; a meandering scanning path to reduce the scanning time;
varying combinations of distance between scanning lines and distances between points
(0.5 and 1.5 mm, 1 and 0.5 mm, 0.75 and 0.5 mm, and 0.5 and 0.5 mm); a scanning speed
of 10 mm/s (default value); and a scanning lines angle of 45◦. The multiple pairings of
distance between scanning lines and distance between scanning points are applied to
incorporate any uncertainty due to the number of points and point distribution in the
measurement outcome. The last step is to define the scanning area, as demonstrated in
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Figure 12c,d. Following the definition of the scanning region, scanning begins, and the
associated points are gathered, as illustrated in Figure 12e.
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The 3D comparison strategy is applied to interpret the point data obtained with the
CMM. The 3D comparison is one of the most credible and thorough methodologies for
viewing the surface variations between the test (restored) objects and the reference CAD
model [33]. It is regarded as one of the most comprehensive and cost-effective techniques
for detecting inaccuracies and depicting surface discrepancies [34]. A specific Geomagics
Control software (Version 2014, 3D Systems Inc., Cary, NC, USA) with a 3D comparison
module is chosen [35,36].

The surface-to-surface distance between the analyzing surface and the comparable
reference surface is interpreted by the 3D comparison approach [37]. The outer surface
of the implant is imported into the Geomagics Control as a test model and compared to
the reference models in the two steps. The outer surface of the implant is imported as a
point cloud in Geomagics Control® and set as a test model. The outer surface (test data)
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of the implant is investigated since the customized cranial implant is produced based on
the outside shape of the skull. The classification of the test object and the reference CAD
model is the first step in the 3D comparison study. The designed implant (test data) is
compared to the reference CAD model, which is an original skull, in the first phase, and
the modeling error is quantified as d0. The point cloud data of the produced implant (test
data) are compared to the designed implant (reference) in the second phase to quantify
the fabrication error, d1. The best fit alignment technique is used to synchronize the test
data with the reference CAD model in both phases. The best-fit alignment approach is
applied to ensure that the test and reference items are in the same coordinate system. The
average deviation in the positive direction is considered to measure the errors (d0 and d1).
The average deviation statistic is preferred because it approximates the spacing between
the remodeled skull (or the customized implant) and the original skull by indicating the
average deviation in an outward direction. The cumulative error is calculated by summing
the errors (d0 and d1). This also gives insight about the implant’s overall fit.

3. Results and Discussion

Cranial reconstruction is always a challenging procedure, especially when the defects
affect the facial skull symmetry, crosses the mid-line symmetry, and are irregular in shape.
With the integration of modern imaging, computer-aided design with additive manufactur-
ing have made it possible to design complex anatomical structures with precise accuracy,
which was not previously possible through traditional means.

In this study, a multi-disciplinary approach is proposed to reconstruct large cranial
defects with a customized implant design and precision-fitting and restoring the aesthetics.
The CT scan images of the patient’s skull are processed using medical modeling software
to retrieve the 3D anatomical model. The anatomical design technique and mirror recon-
struction technique are used to generate the implant model based on the geometrical skull
model. The mirror reconstruction model fails in generating the implant model as it is
feasible only in symmetrical regions. Subsequently, the anatomical design technique is used
in the design of the customized implant and fabricated using AM techniques involving
FDM and EBM technologies. The anatomical reconstruction technique can be used for
both symmetrical and asymmetrical regions as the defects crossing the midline are not
an issue, due to its curve-based approach. The FDM-produced polymer skull model and
the EBM-produced titanium cranial implant are subject to fitting accuracy analysis. The
3D-printed model provides a better understanding of the complex anatomy and pathology
of the patient’s structure, which helps the surgeon in clinical practice and helps to make a
more feasible plan for surgical operation. The 3D-printed medical models also decrease the
operation time and reduce the surgical potential complications [38].

Based on the cost and time analysis, it is observed that the cost of fabricating a
customized cranial implant is around USD 217.50 and the time taken for building the
customized cranial implant is approximately 14 h and 27 min. The average time for
building a customized cranial implant is less than a day when compared to the minimal
possible time for industry-printed cranial models, which is 120 h (5 days) from the order of
placement [39].

Lower fabrication timeframes demonstrate the development of user-friendly fast pro-
totyping tools and emphasize the ability of producing patient-specific prostheses quickly.
In contrast to other standard procedures, patient-specific cranial implants enable precise
and anatomical reconstruction in a faster operating time. The complexity of the anatom-
ical model and the operator’s skills may also have a significant impact on the implant’s
build time.

The findings of 3D comparison analysis for a healthy skull and the designed implant
models, as well as the designed and manufactured implant configurations, are shown
in Figure 13a,b. Table 3 presents the findings of the fitting and accuracy analysis. The
modeling approach (d0) has an accuracy of 0.0732 mm, indicating that the anatomical
design approach utilized is highly effective; however, it might be improved with more



Processes 2023, 11, 1760 17 of 20

expertise and experience. Furthermore, as demonstrated by the outer-direction deviation,
the fabrication accuracy (d1) is predicted to be 0.5613 mm. The suggested implant design
(encompassing both d0 and d1) has an overall precision of 0.6345 mm, which is more
precise and results in a superior fit compared to the cranial implant obtained through
the mirroring technique, which had an overall variation of 0.9294–1.31 mm [40–42]. The
implant’s overall deviation is less than 1 mm of the targeted skull reconstruction area, thus
confirming its proper fitting and positioning over the orbital skull region. The proposed
methodology shows a higher accuracy with lower error margins for skull reconstruction,
which is consistent in comparison to other cranial surgical procedures [43,44]. Through
this study, it is intended to evaluate the accuracy and the applicability of the proposed
customized design for large cranial implants.
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Table 3. Results obtained from the fitting deviation.

Implant Replicas 1 2 3 Mean (mm)

Modeling error d0 0.0718 0.0613 0.0866 0.0732
Fabrication error d1

1 0.5429 0.5590 0.5708
2 0.5268 0.5652 0.6064
3 0.5534 0.5743 0.5935

Mean 0.5038 0.5588 0.5808 0.5613
Overall customized implant accuracy 0.6345

It is difficult to determine the accuracy of the implant in reference to the original
physical skull in a real-world situation. However, the surgeons are always uncertain of
whether an AM-produced bespoke implant offers a suitable fit. Since a real physical model
is not available, it is difficult to establish the fitting accuracy of the AM-built customized
implant. As a result, this study has been conducted, which has established a procedure to
assess the implant’s fitting accuracy. In this work, the research team created the defect on
the healthy skull so that the two can be compared. The objective of this fitting accuracy
investigation is to give a quantifiable measure of the fitting accuracy that can be anticipated
from an AM-fabricated implant. For example, according to the present study, an inaccuracy
of around 0.6345 mm can be expected from the AM implant. There had been no data
before this investigation regarding how accurate the AM implant can be in terms of specific
numbers or quantitative values. Although the research team read a lot of literature, they
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were unable to identify any quantitative studies that could provide information on the
fitting accuracy that can be expected from the AM-fabricated customized implant. The
authors do not emphasize that physicians or surgeons should perform this fitting accuracy
study; however, the outcome of this study would help them to anticipate the approximate
value for the fitting accuracy of the implant. From a research perspective, it can be stated
that the researchers can use this methodology to determine the accuracy of their designed
and manufactured implant. They can definitely improve the established methods to better
assist the medical community. The idea is not that every implant being manufactured must
be assessed in relation to the actual skull. The goal is to have a general understanding
about the fitting accuracy of the customized implants.

4. Conclusions

A specific methodology and implant design technique are essential for urgent and
vital skull reconstruction. The mirror reconstruction, which is one of the commonly used
techniques, is not feasible for asymmetrical anatomical parts. In this study, a customized
anatomical design technique is proposed for the complex and asymmetrical cranial recon-
struction. The customized implant is fabricated using the AM technique and its accuracy
is evaluated using fitting analysis. The fitting accuracy and 3D comparison strategy are
used to interpret the deformities during printing. The results show that the EBM-produced
titanium implant completely fits on the defective region with a fitting accuracy of less
than 1 mm. The accuracy of the specified anatomical design technique is proven to be
0.0732 mm, showing that it is quite effective. Likewise, it has been observed that the
fabrication accuracy is 0.5613 mm, which can be improved by further refining the AM
machine’s parameters and by choosing more suitable support structures.

The implant’s overall accuracy, which includes both design and manufacture, is
0.6345 mm, demonstrating its precision and superiority in fitting. The cost and time for
producing the EBM fabricated cranial implant are around USD 217.50 and 14 h and 27 min,
respectively, which are low when compared to traditional methods. The improved cranial
implant design made possible by the new anatomical design method can be used to treat a
variety of different cranial abnormalities.

The proposed design methodology consisting of collaborative disciplines between the
surgeons and the engineers reduces the number of revisions and surgical time, making
it an excellent practice for promoting and nurturing innovation in the medical industry.
The proposed design process can also be used in other orthopedic implant applications in
the future. In the future, to validate the proposed workflow, EBM-fabricated implants will
be subjected to in vitro and in vivo biological assessments, to investigate their long-term
osseointegration and biocompatibility.
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