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Abstract: Implants are the most popular option for restoring the facial anatomy in the event of a
mishap. The commercially available craniofacial implants are of standard shapes, which need to be
tailored and shaped to accurately fit the patient’s anatomy. The manual shaping of the implant to
match the bone contours is conducted during surgical operation, and is a cumbersome and inaccurate
process. Recent breakthroughs in computer-aided design, analysis, and additive manufacturing
(AM) have allowed the precise and rapid manufacture of bespoke scaffolds for difficult anatomical
restoration. The goal of this research is to investigate the use of scaffolds for craniofacial reconstruction
and their fabrication using electron-beam additive manufacturing (EBAM). Personalized cheekbone
scaffolds are additively fabricated using Ti6Al4V and subjected to compression testing. Finally, the
scaffold design with the highest compressive strength is subjected to biomechanical analysis. The
biomechanical analysis results indicate that the maximum Von Mises stress (40 MPa) and equivalent
strain (0.4 µm) are significantly low in magnitude, thus providing a desirable implant that is both
flexible and stable. The custom-designed cheekbone scaffold manufactured with AM technology not
only aids in bone-implant ingrowth but also helps in reducing implant weight and ensuring implant
stability and long-term effectiveness.

Keywords: custom design; scaffold; electron-beam additive manufacturing; mirror-imaging; finite
element modeling; craniofacial reconstruction

1. Introduction

Craniofacial reconstruction encompassing the head, neck, face, and jaws is a difficult
procedure due to the presence of multiple essential organs around the damaged region [1].
As a result, greater caution is required while operating in these areas of the body. For
example, the implants used to restore face geometry must be chosen carefully, consider-
ing the biocompatibility of the material, implant geometry and shape, patient comfort,
fitting accuracy, desired strength, and so on. Indeed, a minor misalignment of the facial
proportions caused by the implant chosen might have an impact on the patient’s facial
characteristics, appearance, individual uniqueness, and, ultimately, wellbeing. Though
implants are commercially available for craniofacial restoration, they are of standard shapes
that must be adjusted and sculpted to fit the patient perfectly. The manual shaping of
commercially available implants to match bone shapes during surgical procedures is a
time-consuming and inaccurate process [2]. The repetitive physical bending and adjusting
of the implants, without a doubt, causes fatigue, stress, and implant failure. However,
recent technological and software breakthroughs have greatly simplified the craniofacial
reconstruction procedure, resulting in implants that are both efficient and effective in
matching the anatomy. Thus, any complex design structure can be generated from a com-
puter tomography (CT) scan as a result of the improvement in imaging techniques and the
availability of user-friendly image processing software.
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The choice of implant material is an essential criterion in addition to the reconstruction
design process, technologies, and software. When compared to other metal biomaterials,
titanium is a great option for biomedical applications because of its exceptional strength
(strength to weight ratio), corrosion resistance, and superior biocompatibility [3]. Titanium
and its alloys exhibit a modulus of elasticity (~110 MPa) approximately half that of other
metal biomaterials such as stainless steel (~200 GPa) and cobalt-chromium (~210 GPa) [4,5].
The other promising property that makes titanium and its alloys unique from other metallic
biomaterials, is the formation of a thin oxide passive layer on its surface, which protects it
from corrosion and promotes osseointegration [6]. Osseointegration is defined as the direct
functional and structural connection between the implant material and the surrounding
bone tissue. A good integration of implant and bone is essential for the stability of the
implant and its long-term usage.

Numerous studies have reported that dense titanium implants may develop a stress-
shielding effect, instability, and implant loosening due to the difference in the modulus of
elasticity between the implant and the bone [7]. Although titanium and its alloys have a
lower Young’s modulus with respect to other bio-metals, it is still high when compared
to that of bone (10–30 GPa). This difference in Young’s modulus often leads to the stress-
shielding effect and implant instability, which cause a loosening of the implant [8]. Hence,
to overcome the stress-shielding effect on the surrounding bone, the designed solid titanium
implant is transformed into a scaffold (porous) structure, thus reducing the weight and
matching the bone properties. The use of titanium scaffold (Ti6Al4V) is a great alternative
not only to reduce the stress-shielding effect but also to improve osseointegration [9]. In
addition, the scaffold should also retain sufficient mechanical strength to withstand the
loads while maintaining low stiffness.

Implants with an open porous structure enhance bonding at the implant/bone in-
terface, thus providing an opportunity for the soft tissue to interlock with the implant
and for ingrowth formation [10]. However, they are complex structures and cannot be
fabricated effectively and efficiently with the traditional manufacturing process. Additive
manufacturing (AM) provides an opportunity to fabricate a homogenous porous structure
with controlled porosity and cell distribution. Several research studies have demonstrated
the viability of additively manufactured scaffolds as a suitable solution for bone defects,
thus maximizing the speed of recovery and bone repair [11,12]. Furthermore, additively
manufactured customized scaffolds suit the individual anatomy and remain in place for
longer periods, thus providing greater flexibility, higher stability, and good cosmetic results.
Electron-beam additive manufacturing (EBAM) is one of many AM processes that has re-
peatedly demonstrated its ability to build fully dense and porous metallic components from
powder using digital data [13]. This technology was developed and patented by ARCAM
AB (Sweden). Among several three-dimensional (3D) printing technologies, EBAM has
been regarded as the fastest-emerging technology in the fabrication of medical implants
and devices from direct digital computer-aided-design (CAD) models with Food and Drug
Administration (FDA) and Conformité Européene (CE) approval [14].

Finite element analysis (FEA) is a numerical technique to simulate the boundary and
loading conditions of the 3D model and to obtain results with good accuracy. ANSYS
and ABAQUS are two widely used numerical simulation software in which the material
and loading conditions are applied to obtain the required results of stress, strain, and
deformation. FEA has been actively employed as a simulation tool in the design and
development of medical implants, as well as in comprehending the complicated nature
of the human body [15]. FEA outcomes are expanding in medical investigations since
they extrapolate clinical results in advance without surgery. FEA allows great flexibility
in dealing with complex structures composed of multiple materials [16,17]. A customized
implant, in addition to having a customized geometry and precise construction to ensure
direct contact with the surrounding bone tissues, should also have sufficient mechanical
strength for long-term stability. Hence, FEA can be a good option to analyze these intricate
structures and to study their mechanical viability under loading conditions.
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The purpose of this research is to investigate craniofacial reconstruction scaffolds and
how they are manufactured utilizing AM. A CT-scan is performed on a patient with a lesion
on the left cheekbone, and the images are processed using MIMICS 18.0 image-processing
software (Materialise NV, Leuven, Belgium). MIMICS is chosen because it is one of the most
extensively used image-processing programs for creating 3D surface anatomical models
from CT-scanned two-dimensional (2D) data [18]. The obtained 3D model is used as a
template for the design of a customized facial-cheek implant. The bulk facial-cheek implant
is transformed into three different scaffolds of dode thick, dode medium and dode thin
structures to study their viability in implants. The three scaffold design structures are
fabricated using EBAM and their compressive strengths are studied. The scaffold with
the best mechanical strength is selected as a craniofacial implant and its biomechanical
performance based on loading conditions is investigated.

2. Materials and Methods

The methodology applied to the reconstruction of craniofacial defects as illustrated in
Figure 1, consisted of four major steps involving a CT/MRI scan of the patient, scaffold
design for the cellular penetration, AM of the titanium scaffold (Ti6Al4V) using EBAM and
finally the biomechanical analysis of the scaffold with superior mechanical properties to
study the impact of loading.
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Figure 1. Schematic data flow in the reconstruction of craniofacial defects.

2.1. CT/MRI Scan

The CT/MRI scan data of the patient were uploaded into MIMICS 18.0, a medical
modeling software which was used to convert the DICOM (Digital Imaging and Communi-
cation in Medicine) data set of 2D images into a 3D surface model by stacking them upon
each other. Since the 3D model shows the entire scanned anatomy, the dataset had to be
segmented to visualize only the region of interest. This was achieved using thresholding,
segmentation, and region-growing techniques whereby the soft and hard tissues were
separated and only the region of interest, which includes the facial bone, was selected. As
illustrated in Figure 2, the obtained 3D model from the CT-scan contained the large data
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model, which included the skull with the positioning pads for stabilizing the head and the
cervical spine. Segmentation and region growing were used to separate the positioning
pads (Figure 2a) and then the cervical spine (Figure 2b) to obtain the region of interest for
the skull model (Figure 2c).
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2.2. Implant Design Customization

The mirror-imaging technique was used in the reconstruction of the craniofacial
implant. Mirroring is one of the most widely used techniques in the design of implants
owing to its simplicity and ease of use. There are several research studies that have used
this technique in the reconstruction of cranial, mandibular, and facial implants [19–21].
In this technique, the defective region is replaced and mirrored by the healthy opposite
region to restore excellent facial symmetry. Figure 3 illustrates the steps involved in the
customized implant design where the lesion can be seen on the left side (Figure 3a) of
the cheekbone (zygoma). Mirror-image reconstruction was performed by selecting the
midplane (Figure 3b) in order to resect the facial 3D model to obtain symmetrical left and
right regions (Figure 3c). The defective facial region on the left was removed (Figure 3d)
and mirrored with the healthy right facial region to obtain a symmetrical facial anatomy
(Figure 3e,f). Boolean subtraction (Figure 3h) was performed between the mirrored healthy
facial region (Figure 3g) and the defect-free right facial region (Figure 3d) to obtain the
customized facial implant (Figure 3i). Tapered screw-holes were designed for the smooth
insertion of the screws.

The obtained facial implant acted as a template for the scaffold design. The scaffold
design should be an accurate representation of both the physiology and cell matrix of
the bone. The trabecular structures were found to be close to that of the physical and
mechanical properties of bone [22]. Three different trabecular scaffolds of dode structures,
including dode thin, dode medium, and dode thick, were selected from Magics 18.0
(Materialise NV, Leuven, Belgium) as shown in Figure 4. Dode structures have previously
been used as a trabecular morphology to study the ingrowth of bone cells and the stability
of implants [23,24]. The cell size of the dode structures was 3 mm unit cell and the strut
thicknesses for dode thin, dode medium and dode thick were 0.22 mm, 0.41 mm and
0.60 mm, respectively. The inner portion of the facial implant (green) was taken as a
template and transformed into three different scaffold designs as shown in Figure 5.
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2.3. EBAM Fabrication

The craniofacial implant scaffolds were imported into ARCAM’s EBAM A2 machine
(Arcam AB, Mölndal, Sweden) for the fabrication of the titanium (Ti6Al4V) scaffolds.
EBAM is a powder-bed fusion process of producing a fully dense metallic part using a
high-intensity beam of electrons to melt the powder particles (Ti6Al4V) completely in a
layer-by-layer fashion based on the computer-generated model. The whole process took
place in high vacuum, thus preventing the Ti6Al4V from oxidizing and the interference of
the atmosphere or other contaminations, when heated [25]. The parts produced through
the EBAM process are stress free with mechanical and chemical properties better than
casting and forging [26]. Figure 6a explains the schematic working principle of the EBAM
process where the high-intensity beam of electrons emitted from the tungsten filament
is controlled by the deflection lens, and scans and melts specific areas of Ti6Al4V, thus
instantly converting the kinetic energy into thermal energy. The Ti6Al4V liquefies and
takes the shape of the desired CAD model. Helium gas was injected during the process
to guarantee thermal stability and to dissipate the electrical charges from the melt surface.
After each melt cycle, the build platform was lowered and a layer of new powder particles
(Ti6Al4V) was raked evenly onto the previously solidified layer. Arcam’s titanium powder
(Ti6Al4V) with a chemical composition of 6.04% aluminum, 4.05% vanadium, 0.0013%
carbon, 0.0107% iron, 0.13% oxygen, and the rest titanium was used in this investigation.

Figure 6b–d illustrate the EBAM-fabricated scaffolds of dode thin, dode medium
and dode thick. The loosely trapped powder within the implant was removed in AR-
CAM’s powder-recovery system (PRS) through blasting with highly pressurized air mixed
with Ti6Al4V. The weights of all three fabricated scaffolds were measured using a digital
weighing scale (Ohaus Corporation, Parsippany, NJ, USA), as shown in Table 1.

Table 1. Weighing scale reading of the three scaffolds.

Specimen Weight (Grams)

Dode Thick 19.80

Dode Medium 17.08

Dode Thin 13.32

Three cylinders with a diameter and height of 10 mm were designed (Figure 7a)
and transformed into scaffold structures of dode thin, dode medium and dode thick
(Figure 7b–d) to perform the standard mechanical testing on scaffolds. These scaffolds were
then fabricated using the EBAM machine as shown in Figure 7e–g.



Metals 2022, 12, 552 7 of 15Metals 2022, 12, x FOR PEER REVIEW 7 of 15 
 

 

 
Figure 6. (a) Schematic diagram of the EBAM work cycle, and the fabricated scaffolds of (b) dode 
thin, (c) dode medium and (d) dode thick. 

Figure 6b–d illustrate the EBAM-fabricated scaffolds of dode thin, dode medium and 
dode thick. The loosely trapped powder within the implant was removed in ARCAM’s 
powder-recovery system (PRS) through blasting with highly pressurized air mixed with 
Ti6Al4V. The weights of all three fabricated scaffolds were measured using a digital 
weighing scale (Ohaus Corporation, Parsippany, NJ, USA), as shown in Table 1. 

Table 1. Weighing scale reading of the three scaffolds. 

Specimen Weight (Grams) 
Dode Thick 19.80 

Dode Medium 17.08 
Dode Thin 13.32 

Figure 6. (a) Schematic diagram of the EBAM work cycle, and the fabricated scaffolds of (b) dode
thin, (c) dode medium and (d) dode thick.

2.4. Compression Test

The cylindrical scaffolds were subjected to an axial compression test using an Instron
universal testing machine to study the mechanical strength of each scaffold design. The
loading direction was kept parallel to the direction of the deposited layer, as shown in
Figure 8. A displacement-controlled crosshead speed of 1 mm/min was recorded.
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3. Finite Element Analysis

FEA was carried out on the scaffolds to study the biomechanical effects on the implant–
bone interface based on the loading conditions. ANSYS workbench 19.0 was used to carry
out the FEA on the 3D Finite Element Model (FEM) containing the skull model, craniofacial
implant and the implant–bone fixing screws as shown in Figure 9a. A cross-section view of
the insertion of screws into the implant–bone region is illustrated in Figure 9b. The physical
interface between all the elements was taken to be bonded on surface-to-surface contact.
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3.1. Material Properties

All the materials in this study were regarded as homogenous, isotropic, and linear
elastic. The designed FEM was assigned with different material properties [3]. The skull had
cortical bone characteristics, whereas the customized scaffolds with the fixation screws were
assigned as Ti6Al4V ELI material. Table 2 illustrates the material properties of the FEM.

Table 2. Material properties used in the computational model [27].

Materials Youngs Modulus
(MPa) Poisson’s Ratio Yield Strength

(MPa)

Cortical bone 13,700 0.3 122

Titanium scaffold (Ti6Al4V)
and fixation screws 120,000 0.3 930

3.2. Boundary Conditions

The loading and boundary conditions of the FEM are shown in Figure 10. The skull
was fixed around the bottom neck region and a static force of 50 N was applied to the
scaffold. Researchers have used similar kinds of applied force and boundary conditions
previously to study the biomechanical effect on craniofacial implants [28].

3.3. Mesh Creation and Analysis

With the enhancement of the refined mesh, the accuracy of the results improved, but
there are limitations on how much the mesh size can be reduced due to the computation
time and power. In order to save the computation time and cost, the optimum mesh size
was used, as shown in Figure 11a,b, resulting in the 1,319,094 elements and 351,917 nodes
in the FEM. Adaptive mesh refinement was used to obtain the desired accuracy in the FEA
results. A more refined mesh was applied to the fixation screws and its surrounding area
as illustrated in Figure 11c,d to improve the analytical precision of stress concentration.
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4. Results and Discussion

The compression test results of the true stress and strain curve of the designed cylin-
drical scaffolds can be seen in Figure 12. The dode thick cylindrical scaffold can withstand
the highest load of 150 MPa when compared to dode medium (29 MPa) and dode thin
(12 MPa) structures. Based on the compressive test results, the dode thick scaffold matches
the human bone properties, as the compressive strength of human cortical bone lies in
the range of 100 to 150 MPa [29–31]. Another major focus of the craniofacial implant, in
addition to having a symmetrical design, is the minimization of the stress-shielding effect
and matching with the bone properties. The differences between the implant and bone
properties lead to bone resorption which further leads to bone loss and screw loosening.
Additionally, it decreases the bonding strength between implant and bone. The chances
of a stress-shielding effect around the implant-bone interface are negligible as the scaf-
fold matches the bone properties as well as providing the necessary stability with the
implant–bone bonding.
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The equivalent Von Mises stress distribution is illustrated in Figure 13a,b where the
maximum stress is 40 MPa in the scaffold region. The maximum Von Mises stress observed
in the analysis is well below the tensile strength of the scaffold, which is 150 MPa, thus
guaranteeing the stability of the implant. Figure 13c,d illustrate the maximum equivalent
elastic strain of the implant. Nonetheless, the strain found on the implant is very low, at
around 0.4 µm, which is negligible. A lower maximum strain indicates the greater stability
and the higher flexibility of the implant, which in turn promotes faster healing [32]. Based
on the FEA results, it can be predicted that the custom-designed dode thick facial scaffold
can better absorb the stress concentration and minimize the load transformation from the
implant to its affixing screws.
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The customized craniofacial scaffold of the dode thick structure and the skull model
were fabricated using an EBAM machine and fused-deposition-modeling (FDM) technology,
respectively, for fitting and evaluation, as shown in Figure 14. A Stratasys Dimensional
Elite 3D printer (Stratasys, Eden Prairie, MN, USA) was used in the fabrication of the skull
model using ABS (Acrylonitrile butadiene styrene) material. The customized craniofacial
scaffold fits precisely onto the ABS skull model with no dead spaces between them, thus
signifying a perfect-fit customized implant, and showing a good aesthetic result.
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5. Conclusions

Pre-operative surgical planning using a 3D-printed model helps in understanding a
patient’s anatomy and increases the efficacy of the surgical operation through pre-surgical
simulation with virtual and 3D-printed models. One of the reasons for utilizing the
customized implant is that the commercially available solid implants are of standard
shapes, which causes the implant to loosen over time due to the stress-shielding effect.
Custom-designed or tailor-made implants have been the focus of research for decades. One
of the reasons for their limited use until now is their fabrication complexity. Indeed, the
fabrication of patient-specific scaffolds has been a challenge, but due to the interventions of
metal-fabrication technologies such as EBAM, new possibilities have opened up.

In this study, EBAM-customized scaffolds with mechanical properties closer to those
of bone, and an interconnected cellular structure allowing bone-tissue ingrowth, are fab-
ricated and evaluated using compression-strength and FEA. The data obtained from the
compression-strength and biomechanical simulation results demonstrate that the newly
designed dode thick craniofacial scaffold can survive the loading conditions and maintain
the required stability. This research lays the groundwork for designing and fabricating
custom-fit face implants, obviating the need for time-consuming and incorrect surgical
procedures. The adopted tailored design methodology can also benefit other orthopedic
and complicated surgical procedures. Although, Ti6Al4V implants are extensively used
for anatomical restoration due to the numerous benefits indicated in the literature. It is
essential to explore and improve the capabilities of Ti6Al4V scaffolds by incorporating
them with additional materials to strengthen the bond between the bone and the implant.
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