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Abstract:

With the advancement of 3D printing technologies, the possibility of
manufacturing patient-specific cranioplasty has emerged as an
alternative to autologous bone.

In this study, three different strategies using fused deposition modelling
(FDM) additive manufacturing (AM) were applied and compared: (i)
direct printing of PLA (polylactic acid) prosthesis, mould casting of
poly(methyl methacrylate) (PMMA) prosthesis using (ii) silicone mould,
(iii) thermoplastic poly urethane (TPU).

All techniques studied achieved good geometric accuracy and cosmetic
appearance.

Direct printing of the PLA prosthesis resulted in the fastest strategy,
followed by PMMA casting in silicone mould. Nevertheless, the use of
silicone mould led to many advantages, such as lower costs and the
possibility of using autoclaving as a sterilisation technique.
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Reviewer 1

Minor:

An extensive editing work has been done on the paper. In order to avoid a heavy cluttering of the text,
these changes are not evidenced.

Major:

Introduction has been deeply reviewed and summarized, please find changes reported in red. Also,
strategies and purposes of the study has been clarified.

Extra details on the procedures (details on software, hardware, material, factories, brand etc..) has
been added to the text, in particular in sections 2.1, 2.2.2, 2.2.3. Please find modifications in red.
Considerations on sterilization processes were also included (

Financial analysis has been conducted again, in particular including depreciation of machines, cost-
per-hour of personnel units, materials, and measuring effectively energy consumption. Please find
a more detailed discussion in section 3.2, 3.3, 3.4.

Discussion of the results has been completely reviewed in a more straight and clear form. Please
find modifications in section 4.

Reviewer 2

The optimization of the manufacturing strategies was done upstream, acting only on the most
process-dependent step: additive manufacturing. Since printing conditions were critical in terms of
printing time, we prioritized this last aspect rather than mechanical properties which, from
previous experience, still resulted in the range of efficiency good for our purposes for the printing
conditions adopted.

Nevertheless, a mechanical characterization was conducted to compare the three different
implementation strategies, and the orientation of the filament with respect to the growing
direction of the model. Samples were then also characterized in terms of roughness. Please find
these integration, in particular in sections 2.3 and 3.5

Study of biocompatibility was out of the goals and the competences of this study since it would
require a study on its own.

Reviewer 3

To amend the differences between the procedure adopted in the calculation of current costs of the
three strategies, these where calculated again adopting the same routine. The so-obtained cost
was also compared to the commercial one for silicone-mold scenario. Please find modifications in
3.2,3.3,3.4.
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Abstract

With the advancement of 3D printing technologies, the possibility of manufacturing patient-specific
cranioplasty has emerged as an alternative to autologous bone.

In this study, three different strategies using fused deposition modelling (FDM) additive
manufacturing (AM) were applied and compared: (i) direct printing of PLA (polylactic acid)
prosthesis, mold casting of poly(methyl methacrylate) (PMMA) prosthesis using (ii) silicone mold,
(i11) thermoplastic poly urethane (TPU).

All techniques studied achieved good geometric accuracy and cosmetic appearance.

Direct printing of the PLA prosthesis resulted in the fastest strategy, followed by PMMA casting in
silicone mold. Nevertheless, the use of silicone mold led to many advantages, such as lower costs and
the possibility of using autoclaving as a sterilization technique.

1. Introduction

In the craniofacial region, trauma and tumors are common pathologies that may require the restoration
of a small or large amount of osteocartilaginous tissue. In cranioplasty procedure, the replacement of
the missing bone has a positive influence on both physical and neurological state of the patient,
leading to reduction of healing time, preservation of the underlying brain and improvement of the
patient's appearance (1) (2).

This clinical procedure usually involves the use of prostheses made of various materials, allogenic or
not, such as titanium (Ti), ceramic, polymeric or transplanted bone materials (3) (4). In some cases,
the primary tissue for cranioplasty is autologous bone (5) (6). However, this strategy is limited by the
potential for bone resorption.

Titanium has anti-inflammatory and non-corrosive properties, but may cause an increase in
hypersensitivity due to prolonged and continuous exposure to this metal (7). The most popular
implantable polymers are PEEK (polyetheretherketone) and PMMA (8) (9).

In particular, PEEK shows excellent implant success due to its high biocompatibility, although the
risk of prosthesis rejection is not completely eliminated (10). It has excellent mechanical resistance
and is easy to machine (11). However, PEEK polymer is not the standard choice for cranioplasty due
to the high cost of material and processing equipment (12). In addition, the lack of radiopacity of
PEEK may interfere with the radiologic imaging technique used to evaluate prosthesis placement (13).
PMMA is the most widely used polymeric material for cranioplasty, offering the best compromise
between mechanical properties, biocompatibility and cost. PMMA exhibits high mechanical
resistance at compression, good heat resistance (3), and leads to a higher rate of infection (10).

Both PEEK and PMMA are suitable for 3D printing. (14). This customizable manufacturing process

has emerged in recent years in medicine for its potential in creating patient-specific prostheses.
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A missing part of a bone is replicated by processing a high-resolution computed tomography (CT)
scan of the head with appropriate CAD software (15). The use of a native model greatly improves the
quality of the prosthetic design (16).

The prosthetic system can be prefabricated or fabricated during the preoperative phase using 3D
printers (17), reproducing the patient's specific skull geometry previously determined by CT (18).
However, the cost of industrial and commercial 3D printers has kept 3D printing from being widely
adopted.

In recent years, the introduction of desktop 3D printers has lowered the cost of these machines (17);
on the other hand, 3D printing of custom molds (mono- or bi-valves) has emerged as an alternative
process to direct 3D printing of a cranial flap with thermoplastic filament (19).

This alternative strategy allows the use of non-printable polymeric materials, such as liquid medical
grade PMMA oligomer. The technique consists of directly printing a mold using a thermoplastic
filament, such as PLA. The thermoplastic material can be chemically inert and medical grade to create
a mold that can be used in direct contact with the liquid oligomer used for casting (e.g. PMMA) (18).
Alternatively, a low-cost non-medical material can be used for printing by covering the mold with
special sterile plastic bags (e.g., surgical incision drape (17), silicone layer (19)). However, special
attention must be paid to the choice of the cover material, since the exothermic phase of
polymerization of the cast oligomer may affect the surface of the bag, leading to partial dissolution
and release of chemicals (20).

Another aspect to consider in the casting strategy is the assessment of skin contracture prior to implant
design (21). Finally, the cast mold models may require post-processing adjustments related to the
coupling of bi-valve molds (17) (20).

The present study will provide a comparison between three main strategies for AM fabrication of
cranial prostheses: direct 3D printing of prostheses, use of a 3D printed rigid mold, and use of a soft
mold obtained from a 3D printed bone master.

2. Materials and methods

2.1 DICOM files processing

The three techniques presented here for the realization of a patient-specific prosthesis all share a
common procedure for the elaboration of the model, which represents the first step of the methods.
This is the acquisition of the anatomy of the patient's skull, prior to the decompressive craniotomy,
by CT and its storage as DICOM files. The DICOM files are processed by using, in sequence, the
software InVesalius 3.1, VxElements, Meshmixer, Simplify3D.

InVesalius, version 3.1, (Invesalius, Brazil) is an open source software used to translate DICOM files

into 3D image files. The software is programmed for the reconstruction of computed tomography and
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magnetic resonance images and their advanced 3D visualization. The software is equipped with image
segmentation and measurement tools.

VxElements (Ametek Creaform, Italy) is an open source, post-processing, scan-to-CAD software
module to be integrated with the use and design of CAD software. Vx Element is designed for the
optimization of the mesh: here has been used to remove fictive structure errors.

The output files, consisting of 3D images of a surface, are then processed by Meshmixer 3.5 software
to perform thickening. Meshmixer is a state-of-the-art, open-source software for working with
triangular meshes, published by Autodesk Ireland Corporation UC, Ireland. The prosthesis models
were then thickened with different values depending on the final implementation technology. Direct
printing of the prosthesis required a model thickness of 3.00 mm (i.e., the average dimension of the
original cranial bone). The same model was used to project the TPU mold. The master model used to
shape the silicone mold was designed with a thickness of 5.00 mm. The larger space in the lumen of
the mold was provided taking into account the space required for the allocation of the upper valve of
the mold (lid).

A second meshing using Meshmixer completes the process to reduce the degree of error that may
occur during thickening operations.

Prior to direct printing of the PLA cranial flap, the file from Meshmixer is processed using Z-Suite
(Zortrax Software, Zortrax S.A., Poland) to perform slicing, set the orientation of the model, and
position the pillars and supports.

In the procedure that includes the production of the silicone mold, the file in the output of Meshmixer
is processed by the open source software Simplify3D, version V4 (Simplify 3D; Italy). This is a
specific software compatible with the use of Delta printers (see section 2.2.2) and designed for the
slicing process and other operations that precede the printing step. In fact, in the same phase, the
printing orientation and the positioning of the columns are added to the model using the same software.
An orientation with the concavity facing down is set.

In the development of two-valve, TPU mold method, the designs of the two half of the molds, superior
and inferior, is carried out processing the model by using SolidWorks software (Dassault Systémes,
France), and Z-Suite in sequence, to return two separate .zcode files. In this case, Z-Suite is also used
to perform the slicing process instead of Simplify3D software.

All the STL files have been projected, oriented and optimized for the shortest printing time.

2.2 Cranioplasty implementation

2.2.1 3D direct printing of biopolymers

Direct printing of the cranial portion identified for the implementation of the prosthesis was

performed using the STL file described in Section 2.1. A non-implantable medical grade PLA
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filament was selected to proceed with the printing feasibility studies. Namely, PLA bone Healthfil
(Treed Filaments, Seregno (MB), Italy), was chosen because of its mechanical properties and texture,
which accurately reproduce the behavior of natural bone. The printing process was performed using

a Zortrax M300 Dual FDM printer. The processing parameters are shown in Table 1.

Table 1: Operative parameters for the printing process of PLA filament

2.2.2 PMMA casting by silicone molds

Silicone molds were realized by a specific company of 3D printing (CAD Ortopedia, S.r.l., U.s.,
Ganzanigo, BO). The mold was made using as a master an ABS (Acrylonitrile Butadiene Styrene)
printed model of the missing cranial flap. The master was obtained by 3D printing an ABS filament
(Wasp S.r.L, Italy) using a nozzle temperature of 220 °C, a bed temperature of 55 °C, a standard
printing speed of 45 mm/s, a x/y axis movement speed of 150 mm/s, and a z axis movement speed of
150 mm/s. The film thickness was set to 0.15 mm.

An industrial printer, Delta Wasp 4070 (Wasp S.r.1, Italy), was used in the process (15). Figure 1
shows the image of the 3D printed master in ABS.

Figure 1 3D-printed master in ABS of the cranial flap.

The silicone mold was composed of 2 complementary pieces. A 1 cm diameter hole was left at the
highest point of the mold profile to allow the poured PMMA (Cranioplastic, Codman& Shurtleff,

inc., USA) to complete filling of the mold. A schematic illustration of the mold is shown in Figure 2.

Figure 2 Schematic representation of the silicon mold during the phase of cranial flap extraction

2.2.3 PMMA casting by 3D printed TPU molds.

The 3D printing of the two valves was performed using an elastic TPU filament (Elasto A, Treed
Filaments, Seregno (MB), Itay). A Zortrax M300 Dual printer (Zortrax S.A., Poland) was used for
the additive manufacturing process. The processing parameters defined using the corresponding Z-
Suite 2 (version 2.23.0) slicing software (printer software, Zortrax S.A., Poland) and tested in

preliminary studies are shown in Table 2.

Table 2 Operative parameters in the printing process of two valves mold using TPU filament
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Liquid PMMA (Cranioplastic, Codman& Shurtleff, inc., USA) was then poured into the TPU mold
through the hole at the top, following the procedure described in 2.2.2.

2.3 Characterization

The mechanical properties of skull tops and their dependence on the printing direction of: the
prosthesis ("direct print" strategy), the master ("silicone mold" strategy), or the mold ("TPU mold"
strategy), were evaluated by flexure tests.

The test specimens were obtained by controlling the printing direction, which is considered to be the
direction of growth of the deposited layers. Two main axes were considered: "parallel" axis (or
direction) consists in the axis that runs parallel to the plane where a deposited filament lies,
"orthogonal axis" runs parallel to the growth direction of the layers.

Rectangular samples were obtained in the two directions, with dimensions of (127.00 x 12.70 x 3.00)
mm, according to ASTM D790 standard, for each of the three fabrication approaches.

Specimens obtained by direct 3D printing of PLA were implemented so that their growth direction
was parallel or perpendicular to the longest edge of the disc (Figure 3). STL file of the samples is
shown in (Figure 3-a and Figure 3-b). The blue arrow indicates the growth direction of the layers.

Printing conditions and materials are the same as described in section 2.2.1.

Figure 3 “Direct print "scenario.: STL files file of a) parallel and b) orthogonal samples; c) printed samples in the two orientations

Rectangular specimens, representative of the scenario of PMMA casting through silicone molds, were
prepared following an operational procedure analogous to that described in section 2.2.2. ABS
masters of the rectangular specimens required for the silicone mold were printed using the same
orientation adopted for the PLA disks (same STL file reported in Figure 3). The printing conditions
were the same as for ABS reported in 2.2.2. ABS discs were immersed in a silicone pot. After the
silicone was cured (Figure 4-a), the ABS specimens were manually removed. Sockets formed by ABS
discs were then filled with liquid PMMA. After curing, PMMA disks characterized by two

orientations, orthogonal and parallel, were removed (Figure 4-b).

Figure 4 “silicone mold” scanario: a) preparation of silicone mold with ABS masters, b) cast samples in the two orientations.

STL files of TPU molds for PMMA casting, along the two directions, are reported in (Figure 5-a,
Figure 5-b). The growth direction of TPU filament deposition is indicated by the blue arrow reported
in the figure, where mold cavities are also visible. Nevertheless, the mold cavities were implemented

with rectangular geometry of (127.00 x 12.70 x 3.00) mm dimension.
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Figure 5 “TPU mold” scenario: STL file of a) parallel mold and b) orthogonal mold; c) cast samples in the two orientations

Slices obtained after PMMA casting and curing are shown in Figure 5-c.

Bending property tests were performed on the above disks in accordance with ASTM D790.

The finish of the samples was analyzed using an inductive profilometer (TalySurf CLI 2000, Taylor
Hobson, Leicester, UK) to evaluate the influence of the manufacturing strategies on the texture of the
outer surface. An area of 4x4 mm2 was scanned with a resolution of 1 mm to evaluate the roughness
parameters and to construct the corresponding 3D maps. Data processing was performed using
TalyMap 3.1 software (Taylor Hobson, Leicester, UK).

Dimensional accuracy was determined on each dimension (thickness, width, length) using Equation
1:

(Dp -

D)
5, 100

Eq. 1A% =

Where:

D, = Dimension provided by the project (thickness/width/length)

D, = Average dimension (thickness/width/length)

Dimensions were determined by caliper measurement (Z22855F, OWIM GmbH & Co., Germany).
The energy consumption associated with the manufacturing process was evaluated by measuring the
electrical energy consumed during the printing process using a plug-in power meter socket (model
PMO1, Maxcio, China).

3. Results

3.1 DICOM files processing

High-resolution CT scans of the preoperative patient's skull were performed and processed to obtain
the STL file for reconstruction of the defected area after surgery. In this way, the elaboration of the
DICOM file did not require any processing of virtual reconstruction of the missing bone (mirroring
of the whole skull section, opposite to the removed section, interpolation or graphical restoration).
The results of DICOM file processing are shown in Figure 6. In particular, Figure 6-a shows the
output image immediately after processing by VxElement, where a 3D image is created and fictive
structures are removed, where the spikes or lumps are removed. The latter image, when imported and
opened with Meshmixer, appears in Figure 6-b. The image shows an irregular mesh (automatically
applied by the software) of a 2D surface with no thickness applied. Some errors created during the
file import were removed in the same step, as can be seen in the magnification. The imported file was

then processed by Meshmixer to obtain a thickening of 3 mm or 5 mm, depending on the
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manufacturing method. After thickening, a second meshing procedure was applied to remove errors

from the thickening step (Figure 6-c).

Figure 6: Images of a selected section of patient’s cranium, selected as model for the implant manufacturing: a) 3D model of cranium

surface; b) same surface after meshing process; ¢) model after thickening and the second step of meshing.

The images were then ready to be processed to perform the slicing step, set the printing orientation
of the skull cap, and design the supports and pillars.
Direct printing of the PLA cap requires the Z-Suite software to perform slicing as it is compatible

with the Zortrax M300 Dual FDM printer (Figure 7).

Figure 7 Slicing file of 3 mm PLA skull cap.

The design of the TPU mold was performed by processing the Meshmixer output file using
SolidWorks software. In this step, the structures of the two valves of the mold were designed (Figure
8-a). As for the PLA cap, the TPU mold design file was sliced and adapted to the printing step using
Z-Suite (Figure 8-b).

Figure 8 3D image of a) upper mold half (left) in upside down position, and lower mold half (vight) in upside down position; b) slicing
files of structures as in a)

The elaboration process, from DICOM to printing the STL file, was shared among the three
manufacturing methods. However, the process time for the realization of the 5 mm ABS master was
longer due to the higher number of iterations performed in a thicker model. In addition, the TPU bi-
valve mold required additional time due to the SolidWorks projection of the mold. Also, mesh
refinement and slicing procedures were required to process both files using Z-Suite software.

The slicing and image processing procedures were performed by a specialized computer technician
and a radiology technician. The different steps of a standard case in which no noise or anomalies were

found, and the personnel involved in each step, are shown in Table 3.

Table 3 Step timing, men hours and software used for the elaboration of each step from DICOM file to printing file
3.2 Biopolymer cranioplasty

An image of the resulting cranial flap is shown in Figure 9. The images show the use of two different

materials: one for printing the skull prosthesis (PLA, non-implantable medical grade), the second for
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the realization of the raft and the pillars (butenediol vinyl alcohol copolymer (BVOH) Z-Support
Premium, which is compatible with PLA).

This choice was made intentionally to reduce the cost of the materials. In fact, the implantation
implies the change from medical grade PLA filament (used in this study) to implantable grade PLA
filament. The amount of BVOH consumed for the deposition of the supports was 17.02 g, which
represents approximately 43% of the total material consumed in the printing, being the amount of
PLA consumed for the cranial flap of 45.02 g. This represents a significant savings since the cost of
implantable PLA is reported to be 82.72 per gram (22), while the cost of an 800 g package of support
filament was 119.00 € (23). In these quotes, the total price for the materials used in the printing (both
PLA and BVOH) was 3724.00 €.

The use of a non-implantable polymer in contact with the implantable prosthesis has been reported in
the literature (24) and has been shown not to affect or contaminate the medical quality of the implant
when subjected to prior thorough washing (25).

However, the same model can be printed entirely in implantable grade PLA, without significant

modification to the printer setup, and still at a reasonable cost (5132.00 €) (23).

Figure 9 Cranial flap obtained from direct printing of PLA filament

The printing time for the realization of the PLA prosthesis takes a total time of 30 h 17 min. This
includes the time for segmentation of the DICOM file, the slicing of the STL files, the study and
adjustment of the model supports (columns), which takes an average time of 7 h. The average time
for printing the results is 22 h 47 min, with an "extra time" of 30 min to be added. The extra time
defines the setup of the filaments and the printer, the time for removing the model from the machine
and the removal of the supports, all parameters that depend on the operator.

Use of personnel, in accordance with Table 3, including extra time operations, affects the cost of
direct printed prosthetic with an intake of 98.49 €. Costs per hour for radiology technician and a PC
specialized technician were obtained from talent.com (26).

The total cost of one hour of PC work, including energy consumption and depreciation, was 0.2287
€/h, then 1.60 € for the entire design and cutting of the PLA prosthesis. PC depreciation per hour was
calculated on the basis of a two-year lifetime, considering 220 working days per year, a working day
of 8 h, with an average initial cost of 800 €. PC energy consumption per hour was measured at 0.013
KWh, with an energy cost of 0.1249 €/KWh, related to PUN value in 2020 (27).

Printing time contributes with a "machine time cost" of 21.9 € for the PLA skullcap. The price

includes machine depreciation, from an average initial cost of 4000.00 € (0.91 €/h with 20 hours per
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day of unattended working time, for 220 days per year) and energy consumption (0.19 KWh for
printing set-up of PLA).
In conclusion, the total cost for the implementation of PLA skullcap was of 5253.99 €.

Table 4 shows the timing of the printing process.

Table 4 Timing in manufacturing process of PLA skull flap by direct printing

3.3 Silicon mold

The silicone molds were made by a specialized external supplier (Cad Ortopedia S.r.l., Ganzanigo
(BO), Italy). The total manufacturing time, from master printing to silicone mold forming, was 10 h
50 min. In this way, the process, from conversion of DICOM file to mold achievement takes 23 h and

25 min, while the total manufacturing time, including PMMA coping preparation, resulted of 19 h

(Table 5).

Table 5 Timing in manufacturing process of PMMA skull flap by silicone mold

The total cost of the silicone mold was 2700.00 €. This price includes the cost of a single dose of
PMMA (330.00 € (28)). Within a certain range (from 1 g to the size of the sterilized package), the
cost of PMMA does not really vary, since once the sterilized dose is opened, the excess material must
be disposed of. The total cost of the prosthesis was therefore 3030.00 €. The resulting cranial flap is

shown in Figure 10.

Figure 10 PMMA cranial flap obtained from silicone mold (15)

For comparison purposes only, the data provided by the company was used to prepare a quotation as
if the same method were carried out with the same printer, equipment and personnel as for the other
two methods. In this regard, according to Table 3, the cost of personnel was 110.47 €, the cost of
equipment was 1.83 € for the PC and 8.5 € for the printer, taking into account depreciation and energy
consumption, and the total cost of materials (medical ABS for the model, medical silicone for the
mold, implantable PMMA) was 380.61 €. The total cost of the prosthesis was 501.43 €, much lower
than the commercial cost.

3.4 TPU mold

Image of two valve mold is reported in Figure 11, Figure 12, and Figure 13.

Figure 11 Views of upper mold half of printed TPU mold.
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Figure 12 Views of lower mold half of printed TPU mold.

Figure 13 Views of two valves mold of printed TPU mold.

The timing of each step of the process is shown in Table 6.

Table 6 Timing in manufacturing process of PMMA skull flap by TPU mold

From the values reported in Table 3 and Table 6, the printing phase was the most time-consuming
step for this method. It took 1 D 18 h 32 min to print the lower valve of the mold and 2 D 7 h 18 min
for the upper part, for a total of 4 D 1 h 50 min. Extra time of 30 min was considered. The total extra
time of 1 hour is considered to include the PMMA casting and prosthetic extraction step.

The registered energy consumption per hour in the printing process of TPU was 0.2780 KWh, which
is higher than that of PLA or ABS because it requires more energy due to the higher temperature
applied. Including the depreciation of the printer of 0.91 € per hour, the total cost of the printing
process of the upper and lower mold halves was 92.35 €. Contribution to the cost of PC usage was
also higher due to longer elaboration times related to the design and implementation of two molds,
with a total expenditure of 4.60 €.

Similarly, personnel costs increased up to $299.95, according to Table 3.

In the post-processing phase, the amount of material used was quantified and this value was used to
calculate the cost of this scenario. Specifically: 208.64 g were used to print the upper mold, including
raft and supports, while 186.20 g were used to print the lower mold half. Since the cost of the filament
was 41.00 € for a 0.5 kg package (i.e. 0.08 €/g), the final cost was 32.38 €. To this cost must be added
the price of medical grade PMMA, which contributes to the total cost of 330.00 € (28). Then, the total
cost of a prosthesis obtained by TPU casting is of 759.28 €.

3.5 Characterization of skullcaps

Surface roughness and mechanical properties were evaluated to understand the effect of processing
technology and processing direction on patient-specific skull caps.

First, the geometric accuracy of the specimens was evaluated.

Table 7 Dimensional accuracy of samples of the three scenarios, obtained in the two main orientations.
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Depending on the manufacturing strategy, and processing direction, the sample finishing differs each

other, even significantly (Figure 14, Table 8).

Figure 14 Morphological maps under adapted scale (from a) to f) plots) and normalized scale (from a’) to f°) plots) of slab samples
obtaine by: a), a’) parallel and b), b’) orthogonal PLA direct print; c), ¢’) parallel and d), d’) orthogonal silicone mold; e, e’)
parallel, f), ) orthogonal TPU mold.

Table 8 Arithmetic average height values (Ra) of slabs samples obtained by the three different strategies along the two orientations

Ra values range from the lowest, 2.9 and 2.23 pm, found in the "silicone mold" scenario, to 42 and
37 um, found in the "TPU mold" scenario. The direct print samples showed Ra values in the middle,
with values of 18.7 and 18.22 um. The influence of the processing direction is reflected in the Ra
differences between the corresponding samples. A values range from -0.59 um in "direct print" to a
maximum of 5 ym in "TPU mold" scenario. The Ra values in the "direct print" scenario are quite
similar in both directions because the surface texture is mostly related to parameters such as filament
diameter, infill, spacing, etc. The "silicone mold" scenario also shows a moderate A of 0.67 um, which
is also the smoothest sample in this study.

This reflects the mechanical behavior of a soft but fragile material such as silicone, from ribs or
notches, contextual to the ABS master removal from the mold, even in a favorable configuration,
such as parallel configuration. On the other hand, a combination of elements, such as the high
viscosity of uncured PMMA, the local flexibility of silicone and an unfavorable wettability, partially
hides the complexity of the printed texture. Nevertheless, the mold thickness is sufficient to ensure
the correct shape of the sample.

This reflects the mechanical behavior of a soft but fragile material such as silicone, which loses ribs
and notches when the ABS master is removed from the mold, even in a favorable configuration such
as parallel. On the other hand, a combination of elements, such as the high viscosity of uncured
PMMA, the local flexibility of silicone and an unfavorable wettability, partially hides the complexity
of the printed texture. Nevertheless, the mold thickness is sufficient to ensure the correct shape of the

sample.

Table 9 Flexural modulus of slabs samples obtained by the three different strategies along the two orientations

Figure 15 Load-displacement curves for flexural tests

In order to compare the influence of filament orientation, a displacement of 3.76 mm was chosen to

calculate the differences in load values between the parallel scenarios and the corresponding
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orthogonal samples. This value was chosen because it was found to be the average displacement at
break achieved by the "direct print - orthogonal" specimen.

The highest mechanical strength was exhibited by samples obtained by direct printing of PLA
filament in both directions. "Direct print - orthogonal was found to be the only sample with breakage.
A 71.01 N difference in sample response was measured at the set deformation. This scenario resulted
in the most network-dependent results, as the filament orientation influences the mechanical
properties through most of the sample thickness. In this way, the effect of the parallel oriented
filament as a reinforcing rib or the notch occurring between the orthogonally oriented filaments are
even more pronounced.

The flexural modulus values of the PMMA specimens produced through the TPU mold are lower
than the values registered for the first scenario (direct printing, both orientations). A difference of
22.72 N was found between the two orientations.

Both parallel and orthogonal orientations of the silicone mold scenario showed the lowest flexural
modulus. In this scenario, the influence of orientation was negligible because the load is intercalated
against the displacement curves. This behavior was probably due to the smoother surface of the
specimens (Figure 14), which does not represent a reinforcing rib or notch.

In addition to the influence of the printing direction, the sample material was identified as the most
important factor influencing the mechanical properties. This aspect would be even more true (under
the same infill and model conditions) when implementing a patient-specific prosthesis, since changes
in filament orientation are gradual and intertwined when manufacturing a cupped geometry. The
stresses applied to this intricate network partially compensate for each other.

3.6 Sterilization process

The sterilization process is a critical step for the success of implantation surgery. In particular, in
addition to removing all colony forming u nits, the process used must not induce degradation or
release of toxic substances from the treated surface.

An analysis of the relevant literature identified Hydrogen Peroxide Gas Plasma (HPGP) (29) (30) as
a suitable sterilization technique for medical grade PLA, while the use of the traditional autoclave is
limited to particularly resistant geometries (for cylindrical shape, a diameter greater than 5 mm) (31).
HPGP undergoes a sterilization cycle at 45 °C for 45 min.

Platinum-cured liquid silicone rubber, the specific material widely used in healthcare products due to
its stability and inertness, can be safely sterilized in many different ways: autoclave, dry heat or
gamma irradiation. In this specific case study, an autoclave cycle of 1 hour at 134°C and 2.7 bar was

applied.
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Sterilization of TPU filaments has been tested in the literature and has been shown not to alter the
biocompatibility of the material in terms of cytotoxicity, nor the mechanical and geometric properties
of the phantom (32). This was done using the gamma radiation sterilization method. An irradiation
of 40 KGy, according to ISO 11137-2. This irradiation is achievable through a variable time,
depending on the minimum intensity of the radiation and processing conditions. The process, usually
applied in continuous, can last from hours to days.

4. Discussion

The comparisons between the three methods under analysis are discussed below.

The first aspect considered is the cost of production of the skullcaps.

Direct printing of a PLA skullcap would cost 5254 €. The high cost is mainly due to the implantable
PLA filament. The costs of the "silicone mold" and "TPU mold" scenarios were significantly lower,
with a current cost of 501 € and 759 €, respectively.

In terms of mechanical resistance, all orientations of the "direct print" and "TPU mold" scenarios
showed values of flexural modulus close to, or higher, than both the orientations of the "silicone
mold" scenario. Nevertheless, this latter scenario was considered as a reference because the
specimens were obtained by a technology already successfully used in clinical practice. The use of
direct printing of PLA improved the hardness and flexural stiffness of samples, reaching values up to
(2974 £ 5) MPa for parallel orientation, while "silicone mold" - orthogonal samples collapsed in a
range of applied stresses from around 5 to over 8 MPa. In these terms, the mechanical behavior of
PMMA-containing scenarios, even if characterized by lower rigidity, can be considered "more
resilient" for the application selected, since no specific orientation induces fragile behavior.
Implementation time was analyzed considering all steps from the slicing of the DICOM file to the
post-processing of the printed skull cap. The processing time was approximately in the same order of
magnitude as reported for PLA “direct print” technology and “silicone mold technology”, being 30 h
17" and 19 h 5', respectively. This time was recorded despite the inclusion of some additional steps,
namely the manufacturing step of the silicone mold, and PMMA casting and drying. This finding was
due to the combination of two elements: the ease of printing ABS compared to PLA filament, and the
use of a more expensive/sophisticated printer in the silicone mold scenario. Technology using TPU
printed molds, took significantly longer time, 119 h 45', due to the presence of two mold halves to be
printed and elaborated.

Since sterilization step is considered, the possibility of using autoclave on silicone mold makes this
technology of choice. In fact, autoclave is the most economical strategy, both in terms of initial
investment and running costs, compared to gamma irradiation or the HPGP method. Autoclave

sterilization and HPGP also have a comparable treatment time (1 hour vs. 45 minutes, respectively).
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On the other hand, gamma irradiation, the only strategy currently tested and found to be inappropriate
for the sterilization of TPU filament, resulted in (32). This technique, although very effective also in
the weft of the printed piece, has several drawbacks, including long treatment times (from hours to
days), management of radioactivity and, consequently, high costs.

Direct printing of PLA prostheses has a good potential for standardization in terms of minimizing
operator-dependent variability. The printing phase provides a part with a fairly reliable profile
compared to the original model.

A second method for the realization of a cranial prosthesis considers the production of a silicone
mold. The design of the printing model does not really require any modification, since silicone molds
are made by hand on a master printed in ABS, following a procedure that is completely analogous to
the direct printing of the PLA prosthesis. The preparation of the silicone mold is done manually,
therefore it takes some time and its quality depends on the operator.

The "TPU mold" strategy differs from the previous two since the CT image processing and file
elaboration involves the design of a separate file for each of the two valves of the mold. This step
requires the intervention of an operator whose ability depends on the efficiency of the mold, the
amount of TPU filament consumed and the printing time. Nevertheless, for this method, the
intervention of operator in the manufacturing of molds is not required as for the silicone mold,
specifically in the mold manufacturing step. This provides the "TPU mold" method with a higher
potential of automation, as the main advantage over the use of silicone mold.

PMMA implants have a biocompatibility and induce an inflammatory that are more compatible,
compared to PLA, with the implementation of large-size implants. Nevertheless, the implantation of
PMMA prosthesis require to ensure the complete polymerization of PMMA to avoid the exposure of
neural tissue to the heat generated during polymerization (21), or the contact with unreacted chemicals.
In this scenario, casting is the critical step. The mold could be realized in silicone or in TPU, and
these materials are both good choices (33). Although the release of traces of TPU during
polymerization of PMMA needs to be evaluated in future studies, a review of the relevant literature
suggests that TPU is a material with a reduced induction of inflammatory response (34).
Conclusions

Three procedures were discussed here for the implementation of cranioplasty. Among these three, the
"silicone mold" scenario presented the highest number of beneficial, according to most of the
evaluation criteria considered. In particular, the possibility of using implantable PMMA for the
manufacture of the skullcap, a material that features a lower inflammatory response, as a higher

compatibility, with respect to PLA. Implantable PMMA is supplied as a sterile product, so the only
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part that needs to be sterilized is the silicone mold, which is compatible with the simplest and least
expensive process of autoclaving.

Direct printing of PLA skull cap showed higher mechanical properties, although mechanical behavior
of PMMA scenarios is still more than adequate. The "direct print" scenario features a comparable
manufacturing time with respect to the "silicone mold" strategy. It also features a complete
automation in prosthesis manufacturing. Nevertheless, the high cost of the material and the limitation
of the skull dimensions make the "direct print" strategy limited to specific case studies.

The “TPU mold” scenario was the least favorable of the three, particularly in terms of implementation
time and sterilization capabilities. Still, a large margin of improvement is expected, related to the
choice of a different type of flexible in order to: i) reproject the mold with a lighter structure, ii)
exploit alternative sterilization processes. Moreover, the "TPU mold" strategy has a good potential

especially in case studies where complex geometries are required.
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Table 1.
Nozzle diameter, mm 0.40
Layer thickness, mm 0.15
Print speed, mm/s 50
Extrusion Temperature, °C 210
Platform Temperature, °C 50
Infill Density, % 20
Fan, % 100
Type Infill Cube
Raft Enable
Support material Z-SUPPORT Premium
Raft enabled yes
Raft layers 5
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Table 2.
Nozzle diameter, mm 0,40+0,01
Layer thickness, mm 0,15
Print speed, mm/s 30
Extrusion Temperature, °C 270
Platform Temperature, °C 90
Infill Density, % 10
Fan, % Graduate from 0 to 40
Type Infill Cube
Raft Enable
Support material TPU
Raft enabled yes
Raft layers 5
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Table 3.
Printing method . . Two valves silicone Two valves TPU
Direct print
Step timing mold mold
lh lh lh
. Of which 40 min Of which 40 min Of which 40 min
InVesalius 3.1 e L N
specialized computer specialized computer specialized computer
technician technician technician
3h 3h 3h
Of which 2h, specialized Of which 2h, specialized Of which 2h, specialized
VxElements . - ..
computer technician and computer technician and computer technician and
radiology technician radiology technician radiology technician
2 h (3 mm thickening) 3 h (5 mm thickening) 2 h (3 mm thickening)
Meshmixer Of which, 10 min of Of which, in both cases, Of which 10 min,
specialized computer 10 min of specialized specialized computer
technician computer technician technician
o  Upper valve: 8 h;
e Lower valve: 6 h
SolidWorks | - e All active projecting time
(specialized computer
technician)
1h e  Upper part: 15 min

e Lower part: 15 min

Z-Suite Of which, lhof | - All active projecting time
specialized computer (specialized computer

technician technician)

Simplify3D software 1h
_______ Of which, 1h of —
specialized computer
technician

Total 7h 8h 20 h 30 min
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Table 4.

STL file 7h

Printing time 22 h 47 min
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(+extra time of printing step) 30 min

9 Total 30 h 17 min
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Table 5.
STL file 8 h
Printing time 9h
(+extra time of printing step) 30 min
Hand manufacturing of two valve mold lh
Drying time of medical-grade silicone 20 min
elastomer at R.T.
PMMA pouring 5 min
PMMA drying 10 min
Total 19 h, 5 min
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Table 6.

STL file (total value, upper and lower valve) 20 h 30 min

Printing time Upper valve: 2 G 7 h 18 min
Lower valve: 1 G 18 h 32 min
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(+extra time of printing step) Upper valve: 30 min
10 Lower valve: 30 min

11 PMMA pouring 5 min

12 PMMA drying 20 min

13 Total 119 h 45 min
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Table 7.
Direct print Direct print TPU mold TPU mold Silicone mold Silicone mold
orthogonal parallel orthogonal parallel orthogonal parallel
Thickness 3.30+0.04 3.16+0.01 3.3£0.1 3.18+0.06 2.85+0.1 2.9+0.2
A% 9.95 5.27 9.83 6.11 -5 3.3%
Width 13.1+0.4 12.9+0.01 12.5+0.1 12.5+0,2 12.51+0.1 12.6+0.2
SD % 3.26 1.84 -1.30 -1.81 -1.50 0.8 %
Length 128.0+0.3 126.8+0.2 125.50+0.5 124.3+0.9 127.95+ 123.7+
SD % 0.76 -0.17 -1.19 -2.09 0.75 2.6 %
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Table §.

Sample (Ra £ s.d) pm

Direct print - orthogonal 19.29+0.08
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Direct print - parallel 18.7£0.1

9 TPU mold - orthogonal 37+2

10 TPU mold - parallel 4242

11 Silicone mold - orthogonal 2.23+0.09

12 Silicone mold - parallel 2.9+0.1
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Table 9.

Scenario Flexural Modulus, MPa
Direct print - parallel 2974 £5

Direct print - orthogonal 2300 + 200

TPU mold - parallel 2200 £ 100

TPU mold - orthogonal 1400 + 200
Silicone - mold parallel 1700 £ 200
Silicone - mold orthogonal 1700 + 200
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Patient specific customized cranioplasty by 3D printing of biopolymers, 3D printed molds and

silicone molds.
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Abstract

With the advancement of 3D printing technologies, the possibility of manufacturing patient-specific
cranioplasty has emerged as an alternative to autologous bone.

In this study, three different strategies using fused deposition modelling (FDM) additive
manufacturing (AM) were applied and compared: (i) direct printing of PLA (polylactic acid)
prosthesis, mold casting of poly(methyl methacrylate) (PMMA) prosthesis using (ii) silicone mold,
(i11) thermoplastic poly urethane (TPU).

All techniques studied achieved good geometric accuracy and cosmetic appearance.

Direct printing of the PLA prosthesis resulted in the fastest strategy, followed by PMMA casting in
silicone mold. Nevertheless, the use of silicone mold led to many advantages, such as lower costs and
the possibility of using autoclaving as a sterilization technique.

1. Introduction

In the craniofacial region, trauma and tumors are common pathologies that may require the restoration
of a small or large amount of osteocartilaginous tissue. In cranioplasty procedure, the replacement of
the missing bone has a positive influence on both physical and neurological state of the patient,
leading to reduction of healing time, preservation of the underlying brain and improvement of the
patient's appearance (1) (2).

This clinical procedure usually involves the use of prostheses made of various materials, allogenic or
not, such as titanium (Ti), ceramic, polymeric or transplanted bone materials (3) (4). In some cases,
the primary tissue for cranioplasty is autologous bone (5) (6). However, this strategy is limited by the
potential for bone resorption.

Titanium has anti-inflammatory and non-corrosive properties, but may cause an increase in
hypersensitivity due to prolonged and continuous exposure to this metal (7). The most popular
implantable polymers are PEEK (polyetheretherketone) and PMMA (8) (9).

In particular, PEEK shows excellent implant success due to its high biocompatibility, although the
risk of prosthesis rejection is not completely eliminated (10). It has excellent mechanical resistance
and is easy to machine (11). However, PEEK polymer is not the standard choice for cranioplasty due
to the high cost of material and processing equipment (12). In addition, the lack of radiopacity of
PEEK may interfere with the radiologic imaging technique used to evaluate prosthesis placement (13).
PMMA is the most widely used polymeric material for cranioplasty, offering the best compromise
between mechanical properties, biocompatibility and cost. PMMA exhibits high mechanical
resistance at compression, good heat resistance (3), and leads to a higher rate of infection (10).

Both PEEK and PMMA are suitable for 3D printing. (14). This customizable manufacturing process

has emerged in recent years in medicine for its potential in creating patient-specific prostheses.
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A missing part of a bone is replicated by processing a high-resolution computed tomography (CT)
scan of the head with appropriate CAD software (15). The use of a native model greatly improves the
quality of the prosthetic design (16).

The prosthetic system can be prefabricated or fabricated during the preoperative phase using 3D
printers (17), reproducing the patient's specific skull geometry previously determined by CT (18).
However, the cost of industrial and commercial 3D printers has kept 3D printing from being widely
adopted.

In recent years, the introduction of desktop 3D printers has lowered the cost of these machines (17);
on the other hand, 3D printing of custom molds (mono- or bi-valves) has emerged as an alternative
process to direct 3D printing of a cranial flap with thermoplastic filament (19).

This alternative strategy allows the use of non-printable polymeric materials, such as liquid medical
grade PMMA oligomer. The technique consists of directly printing a mold using a thermoplastic
filament, such as PLA. The thermoplastic material can be chemically inert and medical grade to create
a mold that can be used in direct contact with the liquid oligomer used for casting (e.g. PMMA) (18).
Alternatively, a low-cost non-medical material can be used for printing by covering the mold with
special sterile plastic bags (e.g., surgical incision drape (17), silicone layer (19)). However, special
attention must be paid to the choice of the cover material, since the exothermic phase of
polymerization of the cast oligomer may affect the surface of the bag, leading to partial dissolution
and release of chemicals (20).

Another aspect to consider in the casting strategy is the assessment of skin contracture prior to implant
design (21). Finally, the cast mold models may require post-processing adjustments related to the
coupling of bi-valve molds (17) (20).

The present study will provide a comparison between three main strategies for AM fabrication of
cranial prostheses: direct 3D printing of prostheses, use of a 3D printed rigid mold, and use of a soft
mold obtained from a 3D printed bone master.

2. Materials and methods

2.1 DICOM files processing

The three techniques presented here for the realization of a patient-specific prosthesis all share a
common procedure for the elaboration of the model, which represents the first step of the methods.
This is the acquisition of the anatomy of the patient's skull, prior to the decompressive craniotomy,
by CT and its storage as DICOM files. The DICOM files are processed by using, in sequence, the
software InVesalius 3.1, VxElements, Meshmixer, Simplify3D.

InVesalius, version 3.1, (Invesalius, Brazil) is an open source software used to translate DICOM files

into 3D image files. The software is programmed for the reconstruction of computed tomography and
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magnetic resonance images and their advanced 3D visualization. The software is equipped with image
segmentation and measurement tools.

VxElements (Ametek Creaform, Italy) is an open source, post-processing, scan-to-CAD software
module to be integrated with the use and design of CAD software. Vx Element is designed for the
optimization of the mesh: here has been used to remove fictive structure errors.

The output files, consisting of 3D images of a surface, are then processed by Meshmixer 3.5 software
to perform thickening. Meshmixer is a state-of-the-art, open-source software for working with
triangular meshes, published by Autodesk Ireland Corporation UC, Ireland. The prosthesis models
were then thickened with different values depending on the final implementation technology. Direct
printing of the prosthesis required a model thickness of 3.00 mm (i.e., the average dimension of the
original cranial bone). The same model was used to project the TPU mold. The master model used to
shape the silicone mold was designed with a thickness of 5.00 mm. The larger space in the lumen of
the mold was provided taking into account the space required for the allocation of the upper valve of
the mold (lid).

A second meshing using Meshmixer completes the process to reduce the degree of error that may
occur during thickening operations.

Prior to direct printing of the PLA cranial flap, the file from Meshmixer is processed using Z-Suite
(Zortrax Software, Zortrax S.A., Poland) to perform slicing, set the orientation of the model, and
position the pillars and supports.

In the procedure that includes the production of the silicone mold, the file in the output of Meshmixer
is processed by the open source software Simplify3D, version V4 (Simplify 3D; Italy). This is a
specific software compatible with the use of Delta printers (see section 2.2.2) and designed for the
slicing process and other operations that precede the printing step. In fact, in the same phase, the
printing orientation and the positioning of the columns are added to the model using the same software.
An orientation with the concavity facing down is set.

In the development of two-valve, TPU mold method, the designs of the two half of the molds, superior
and inferior, is carried out processing the model by using SolidWorks software (Dassault Systemes,
France), and Z-Suite in sequence, to return two separate .zcode files. In this case, Z-Suite is also used
to perform the slicing process instead of Simplify3D software.

All the STL files have been projected, oriented and optimized for the shortest printing time.

2.2 Cranioplasty implementation

2.2.1 3D direct printing of biopolymers

Direct printing of the cranial portion identified for the implementation of the prosthesis was

performed using the STL file described in Section 2.1. A non-implantable medical grade PLA
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filament was selected to proceed with the printing feasibility studies. Namely, PLA bone Healthfil
(Treed Filaments, Seregno (MB), Italy), was chosen because of its mechanical properties and texture,
which accurately reproduce the behavior of natural bone. The printing process was performed using

a Zortrax M300 Dual FDM printer. The processing parameters are shown in Table 1.

Table 1: Operative parameters for the printing process of PLA filament

2.2.2 PMMA casting by silicone molds

Silicone molds were realized by a specific company of 3D printing (CAD Ortopedia, S.r.l., U.s.,
Ganzanigo, BO). The mold was made using as a master an ABS (Acrylonitrile Butadiene Styrene)
printed model of the missing cranial flap. The master was obtained by 3D printing an ABS filament
(Wasp S.r.l., Italy) using a nozzle temperature of 220 °C, a bed temperature of 55 °C, a standard
printing speed of 45 mm/s, a x/y axis movement speed of 150 mm/s, and a z axis movement speed of
150 mm/s. The film thickness was set to 0.15 mm.

An industrial printer, Delta Wasp 4070 (Wasp S.r.1, Italy), was used in the process (15). Figure 1
shows the image of the 3D printed master in ABS.

Figure 1 3D-printed master in ABS of the cranial flap.

The silicone mold was composed of 2 complementary pieces. A 1 cm diameter hole was left at the
highest point of the mold profile to allow the poured PMMA (Cranioplastic, Codman& Shurtlefft,

inc., USA) to complete filling of the mold. A schematic illustration of the mold is shown in Figure 2.

Figure 2 Schematic representation of the silicon mold during the phase of cranial flap extraction

2.2.3 PMMA casting by 3D printed TPU molds.

The 3D printing of the two valves was performed using an elastic TPU filament (Elasto A, Treed
Filaments, Seregno (MB), Itay). A Zortrax M300 Dual printer (Zortrax S.A., Poland) was used for
the additive manufacturing process. The processing parameters defined using the corresponding Z-
Suite 2 (version 2.23.0) slicing software (printer software, Zortrax S.A., Poland) and tested in

preliminary studies are shown in Table 2.

Table 2 Operative parameters in the printing process of two valves mold using TPU filament
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Liquid PMMA (Cranioplastic, Codman& Shurtleff, inc., USA) was then poured into the TPU mold
through the hole at the top, following the procedure described in 2.2.2.

2.3 Characterization

The mechanical properties of skull tops and their dependence on the printing direction of: the
prosthesis ("direct print" strategy), the master ("silicone mold" strategy), or the mold ("TPU mold"
strategy), were evaluated by flexure tests.

The test specimens were obtained by controlling the printing direction, which is considered to be the
direction of growth of the deposited layers. Two main axes were considered: "parallel" axis (or
direction) consists in the axis that runs parallel to the plane where a deposited filament lies,
"orthogonal axis" runs parallel to the growth direction of the layers.

Rectangular samples were obtained in the two directions, with dimensions of (127.00 x 12.70 x 3.00)
mm, according to ASTM D790 standard, for each of the three fabrication approaches.

Specimens obtained by direct 3D printing of PLA were implemented so that their growth direction
was parallel or perpendicular to the longest edge of the disc (Figure 3). STL file of the samples is
shown in (Figure 3-a and Figure 3-b). The blue arrow indicates the growth direction of the layers.

Printing conditions and materials are the same as described in section 2.2.1.

Figure 3 “Direct print’scenario: STL files file of a) parallel and b) orthogonal samples; c) printed samples in the two orientations

Rectangular specimens, representative of the scenario of PMMA casting through silicone molds, were
prepared following an operational procedure analogous to that described in section 2.2.2. ABS
masters of the rectangular specimens required for the silicone mold were printed using the same
orientation adopted for the PLA disks (same STL file reported in Figure 3). The printing conditions
were the same as for ABS reported in 2.2.2. ABS discs were immersed in a silicone pot. After the
silicone was cured (Figure 4-a), the ABS specimens were manually removed. Sockets formed by ABS
discs were then filled with liquid PMMA. After curing, PMMA disks characterized by two

orientations, orthogonal and parallel, were removed (Figure 4-b).

Figure 4 “silicone mold” scanario: a) preparation of silicone mold with ABS masters, b) cast samples in the two orientations.

STL files of TPU molds for PMMA casting, along the two directions, are reported in (Figure 5-a,
Figure 5-b). The growth direction of TPU filament deposition is indicated by the blue arrow reported
in the figure, where mold cavities are also visible. Nevertheless, the mold cavities were implemented

with rectangular geometry of (127.00 x 12.70 x 3.00) mm dimension.
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Figure 5 “TPU mold” scenario: STL file of a) parallel mold and b) orthogonal mold; c) cast samples in the two orientations

Slices obtained after PMMA casting and curing are shown in Figure 5-c.

Bending property tests were performed on the above disks in accordance with ASTM D790.

The finish of the samples was analyzed using an inductive profilometer (TalySurf CLI 2000, Taylor
Hobson, Leicester, UK) to evaluate the influence of the manufacturing strategies on the texture of the
outer surface. An area of 4x4 mm2 was scanned with a resolution of 1 mm to evaluate the roughness
parameters and to construct the corresponding 3D maps. Data processing was performed using
TalyMap 3.1 software (Taylor Hobson, Leicester, UK).

Dimensional accuracy was determined on each dimension (thickness, width, length) using Equation

1:

Eq. 1A% =

Er 100

Where:

D, = Dimension provided by the project (thickness/width/length)

D, = Average dimension (thickness/width/length)

Dimensions were determined by caliper measurement (Z22855F, OWIM GmbH & Co., Germany).
The energy consumption associated with the manufacturing process was evaluated by measuring the
electrical energy consumed during the printing process using a plug-in power meter socket (model
PMO1, Maxcio, China).

3. Results

3.1 DICOM files processing

High-resolution CT scans of the preoperative patient's skull were performed and processed to obtain
the STL file for reconstruction of the defected area after surgery. In this way, the elaboration of the
DICOM file did not require any processing of virtual reconstruction of the missing bone (mirroring
of the whole skull section, opposite to the removed section, interpolation or graphical restoration).
The results of DICOM file processing are shown in Figure 6. In particular, Figure 6-a shows the
output image immediately after processing by VxElement, where a 3D image is created and fictive
structures are removed, where the spikes or lumps are removed. The latter image, when imported and
opened with Meshmixer, appears in Figure 6-b. The image shows an irregular mesh (automatically
applied by the software) of a 2D surface with no thickness applied. Some errors created during the
file import were removed in the same step, as can be seen in the magnification. The imported file was

then processed by Meshmixer to obtain a thickening of 3 mm or 5 mm, depending on the
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manufacturing method. After thickening, a second meshing procedure was applied to remove errors

from the thickening step (Figure 6-c).

Figure 6: Images of a selected section of patient’s cranium, selected as model for the implant manufacturing: a) 3D model of cranium

surface; b) same surface after meshing process; ¢) model after thickening and the second step of meshing.

The images were then ready to be processed to perform the slicing step, set the printing orientation
of the skull cap, and design the supports and pillars.
Direct printing of the PLA cap requires the Z-Suite software to perform slicing as it is compatible

with the Zortrax M300 Dual FDM printer (Figure 7).

Figure 7 Slicing file of 3 mm PLA skull cap.

The design of the TPU mold was performed by processing the Meshmixer output file using
SolidWorks software. In this step, the structures of the two valves of the mold were designed (Figure
8-a). As for the PLA cap, the TPU mold design file was sliced and adapted to the printing step using
Z-Suite (Figure 8-b).

Figure 8 3D image of a) upper mold half (left) in upside down position, and lower mold half (vight) in upside down position; b) slicing
files of structures as in a)

The elaboration process, from DICOM to printing the STL file, was shared among the three
manufacturing methods. However, the process time for the realization of the 5 mm ABS master was
longer due to the higher number of iterations performed in a thicker model. In addition, the TPU bi-
valve mold required additional time due to the SolidWorks projection of the mold. Also, mesh
refinement and slicing procedures were required to process both files using Z-Suite software.

The slicing and image processing procedures were performed by a specialized computer technician
and a radiology technician. The different steps of a standard case in which no noise or anomalies were

found, and the personnel involved in each step, are shown in Table 3.

Table 3 Step timing, men hours and software used for the elaboration of each step from DICOM file to printing file
3.2 Biopolymer cranioplasty

An image of the resulting cranial flap is shown in Figure 9. The images show the use of two different

materials: one for printing the skull prosthesis (PLA, non-implantable medical grade), the second for
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the realization of the raft and the pillars (butenediol vinyl alcohol copolymer (BVOH) Z-Support
Premium, which is compatible with PLA).

This choice was made intentionally to reduce the cost of the materials. In fact, the implantation
implies the change from medical grade PLA filament (used in this study) to implantable grade PLA
filament. The amount of BVOH consumed for the deposition of the supports was 17.02 g, which
represents approximately 43% of the total material consumed in the printing, being the amount of
PLA consumed for the cranial flap of 45.02 g. This represents a significant savings since the cost of
implantable PLA is reported to be 82.72 per gram (22), while the cost of an 800 g package of support
filament was 119.00 € (23). In these quotes, the total price for the materials used in the printing (both
PLA and BVOH) was 3724.00 €.

The use of a non-implantable polymer in contact with the implantable prosthesis has been reported in
the literature (24) and has been shown not to affect or contaminate the medical quality of the implant
when subjected to prior thorough washing (25).

However, the same model can be printed entirely in implantable grade PLA, without significant

modification to the printer setup, and still at a reasonable cost (5132.00 €) (23).

Figure 9 Cranial flap obtained from direct printing of PLA filament

The printing time for the realization of the PLA prosthesis takes a total time of 30 h 17 min. This
includes the time for segmentation of the DICOM file, the slicing of the STL files, the study and
adjustment of the model supports (columns), which takes an average time of 7 h. The average time
for printing the results is 22 h 47 min, with an "extra time" of 30 min to be added. The extra time
defines the setup of the filaments and the printer, the time for removing the model from the machine
and the removal of the supports, all parameters that depend on the operator.

Use of personnel, in accordance with Table 3, including extra time operations, affects the cost of
direct printed prosthetic with an intake of 98.49 €. Costs per hour for radiology technician and a PC
specialized technician were obtained from talent.com (26).

The total cost of one hour of PC work, including energy consumption and depreciation, was 0.2287
€/h, then 1.60 € for the entire design and cutting of the PLA prosthesis. PC depreciation per hour was
calculated on the basis of a two-year lifetime, considering 220 working days per year, a working day
of 8 h, with an average initial cost of 800 €. PC energy consumption per hour was measured at 0.013
KWh, with an energy cost of 0.1249 €/KWh, related to PUN value in 2020 (27).

Printing time contributes with a "machine time cost" of 21.9 € for the PLA skullcap. The price

includes machine depreciation, from an average initial cost of 4000.00 € (0.91 €/h with 20 hours per
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day of unattended working time, for 220 days per year) and energy consumption (0.19 KWh for
printing set-up of PLA).
In conclusion, the total cost for the implementation of PLA skullcap was of 5253.99 €.

Table 4 shows the timing of the printing process.

Table 4 Timing in manufacturing process of PLA skull flap by direct printing

3.3 Silicon mold

The silicone molds were made by a specialized external supplier (Cad Ortopedia S.r.l., Ganzanigo
(BO), Italy). The total manufacturing time, from master printing to silicone mold forming, was 10 h
50 min. In this way, the process, from conversion of DICOM file to mold achievement takes 23 h and

25 min, while the total manufacturing time, including PMMA coping preparation, resulted of 19 h

(Table 5).

Table 5 Timing in manufacturing process of PMMA skull flap by silicone mold

The total cost of the silicone mold was 2700.00 €. This price includes the cost of a single dose of
PMMA (330.00 € (28)). Within a certain range (from 1 g to the size of the sterilized package), the
cost of PMMA does not really vary, since once the sterilized dose is opened, the excess material must
be disposed of. The total cost of the prosthesis was therefore 3030.00 €. The resulting cranial flap is

shown in Figure 10.

Figure 10 PMMA cranial flap obtained from silicone mold (15)

For comparison purposes only, the data provided by the company was used to prepare a quotation as
if the same method were carried out with the same printer, equipment and personnel as for the other
two methods. In this regard, according to Table 3, the cost of personnel was 110.47 €, the cost of
equipment was 1.83 € for the PC and 8.5 € for the printer, taking into account depreciation and energy
consumption, and the total cost of materials (medical ABS for the model, medical silicone for the
mold, implantable PMMA) was 380.61 €. The total cost of the prosthesis was 501.43 €, much lower
than the commercial cost.

3.4 TPU mold

Image of two valve mold is reported in Figure 11, Figure 12, and Figure 13.

Figure 11 Views of upper mold half of printed TPU mold.
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Figure 12 Views of lower mold half of printed TPU mold.

Figure 13 Views of two valves mold of printed TPU mold.

The timing of each step of the process is shown in Table 6.

Table 6 Timing in manufacturing process of PMMA skull flap by TPU mold

From the values reported in Table 3 and Table 6, the printing phase was the most time-consuming
step for this method. It took 1 D 18 h 32 min to print the lower valve of the mold and 2 D 7 h 18 min
for the upper part, for a total of 4 D 1 h 50 min. Extra time of 30 min was considered. The total extra
time of 1 hour is considered to include the PMMA casting and prosthetic extraction step.

The registered energy consumption per hour in the printing process of TPU was 0.2780 KWh, which
is higher than that of PLA or ABS because it requires more energy due to the higher temperature
applied. Including the depreciation of the printer of 0.91 € per hour, the total cost of the printing
process of the upper and lower mold halves was 92.35 €. Contribution to the cost of PC usage was
also higher due to longer elaboration times related to the design and implementation of two molds,
with a total expenditure of 4.60 €.

Similarly, personnel costs increased up to $299.95, according to Table 3.

In the post-processing phase, the amount of material used was quantified and this value was used to
calculate the cost of this scenario. Specifically: 208.64 g were used to print the upper mold, including
raft and supports, while 186.20 g were used to print the lower mold half. Since the cost of the filament
was 41.00 € for a 0.5 kg package (i.e. 0.08 €/g), the final cost was 32.38 €. To this cost must be added
the price of medical grade PMMA, which contributes to the total cost of 330.00 € (28). Then, the total
cost of a prosthesis obtained by TPU casting is of 759.28 €.

3.5 Characterization of skullcaps

Surface roughness and mechanical properties were evaluated to understand the effect of processing
technology and processing direction on patient-specific skull caps.

First, the geometric accuracy of the specimens was evaluated.

Table 7 Dimensional accuracy of samples of the three scenarios, obtained in the two main orientations.

http://mc.manuscriptcentral.com/ijmrcas



oNOYTULT D WN =

International Journal of Medical Robotics and Computer Assisted Surgery Page 44 of 76

Depending on the manufacturing strategy, and processing direction, the sample finishing differs each

other, even significantly (Figure 14, Table 8).

Figure 14 Morphological maps under adapted scale (from a) to f) plots) and normalized scale (from a’) to f°) plots) of slab samples
obtaine by: a), a’) parallel and b), b’) orthogonal PLA direct print; c), ¢’) parallel and d), d’) orthogonal silicone mold; e, e’)
parallel, f), ) orthogonal TPU mold.

Table 8 Arithmetic average height values (Ra) of slabs samples obtained by the three different strategies along the two orientations

Ra values range from the lowest, 2.9 and 2.23 pm, found in the "silicone mold" scenario, to 42 and
37 um, found in the "TPU mold" scenario. The direct print samples showed Ra values in the middle,
with values of 18.7 and 18.22 um. The influence of the processing direction is reflected in the Ra
differences between the corresponding samples. A values range from -0.59 um in "direct print" to a
maximum of 5 um in "TPU mold" scenario. The Ra values in the "direct print" scenario are quite
similar in both directions because the surface texture is mostly related to parameters such as filament
diameter, infill, spacing, etc. The "silicone mold" scenario also shows a moderate A of 0.67 um, which
is also the smoothest sample in this study.

This reflects the mechanical behavior of a soft but fragile material such as silicone, from ribs or
notches, contextual to the ABS master removal from the mold, even in a favorable configuration,
such as parallel configuration. On the other hand, a combination of elements, such as the high
viscosity of uncured PMMA, the local flexibility of silicone and an unfavorable wettability, partially
hides the complexity of the printed texture. Nevertheless, the mold thickness is sufficient to ensure
the correct shape of the sample.

This reflects the mechanical behavior of a soft but fragile material such as silicone, which loses ribs
and notches when the ABS master is removed from the mold, even in a favorable configuration such
as parallel. On the other hand, a combination of elements, such as the high viscosity of uncured
PMMA, the local flexibility of silicone and an unfavorable wettability, partially hides the complexity
of the printed texture. Nevertheless, the mold thickness is sufficient to ensure the correct shape of the

sample.

Table 9 Flexural modulus of slabs samples obtained by the three different strategies along the two orientations

Figure 15 Load-displacement curves for flexural tests

In order to compare the influence of filament orientation, a displacement of 3.76 mm was chosen to

calculate the differences in load values between the parallel scenarios and the corresponding
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orthogonal samples. This value was chosen because it was found to be the average displacement at
break achieved by the "direct print - orthogonal" specimen.

The highest mechanical strength was exhibited by samples obtained by direct printing of PLA
filament in both directions. "Direct print - orthogonal was found to be the only sample with breakage.
A 71.01 N difference in sample response was measured at the set deformation. This scenario resulted
in the most network-dependent results, as the filament orientation influences the mechanical
properties through most of the sample thickness. In this way, the effect of the parallel oriented
filament as a reinforcing rib or the notch occurring between the orthogonally oriented filaments are
even more pronounced.

The flexural modulus values of the PMMA specimens produced through the TPU mold are lower
than the values registered for the first scenario (direct printing, both orientations). A difference of
22.72 N was found between the two orientations.

Both parallel and orthogonal orientations of the silicone mold scenario showed the lowest flexural
modulus. In this scenario, the influence of orientation was negligible because the load is intercalated
against the displacement curves. This behavior was probably due to the smoother surface of the
specimens (Figure 14), which does not represent a reinforcing rib or notch.

In addition to the influence of the printing direction, the sample material was identified as the most
important factor influencing the mechanical properties. This aspect would be even more true (under
the same infill and model conditions) when implementing a patient-specific prosthesis, since changes
in filament orientation are gradual and intertwined when manufacturing a cupped geometry. The
stresses applied to this intricate network partially compensate for each other.

3.6 Sterilization process

The sterilization process is a critical step for the success of implantation surgery. In particular, in
addition to removing all colony forming u nits, the process used must not induce degradation or
release of toxic substances from the treated surface.

An analysis of the relevant literature identified Hydrogen Peroxide Gas Plasma (HPGP) (29) (30) as
a suitable sterilization technique for medical grade PLA, while the use of the traditional autoclave is
limited to particularly resistant geometries (for cylindrical shape, a diameter greater than 5 mm) (31).
HPGP undergoes a sterilization cycle at 45 °C for 45 min.

Platinum-cured liquid silicone rubber, the specific material widely used in healthcare products due to
its stability and inertness, can be safely sterilized in many different ways: autoclave, dry heat or
gamma irradiation. In this specific case study, an autoclave cycle of 1 hour at 134°C and 2.7 bar was

applied.
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Sterilization of TPU filaments has been tested in the literature and has been shown not to alter the
biocompatibility of the material in terms of cytotoxicity, nor the mechanical and geometric properties
of the phantom (32). This was done using the gamma radiation sterilization method. An irradiation
of 40 KGy, according to ISO 11137-2. This irradiation is achievable through a variable time,
depending on the minimum intensity of the radiation and processing conditions. The process, usually
applied in continuous, can last from hours to days.

4. Discussion

The comparisons between the three methods under analysis are discussed below.

The first aspect considered is the cost of production of the skullcaps.

Direct printing of a PLA skullcap would cost 5254 €. The high cost is mainly due to the implantable
PLA filament. The costs of the "silicone mold" and "TPU mold" scenarios were significantly lower,
with a current cost of 501 € and 759 €, respectively.

In terms of mechanical resistance, all orientations of the "direct print" and "TPU mold" scenarios
showed values of flexural modulus close to, or higher, than both the orientations of the "silicone
mold" scenario. Nevertheless, this latter scenario was considered as a reference because the
specimens were obtained by a technology already successfully used in clinical practice. The use of
direct printing of PLA improved the hardness and flexural stiffness of samples, reaching values up to
(2974 £ 5) MPa for parallel orientation, while "silicone mold" - orthogonal samples collapsed in a
range of applied stresses from around 5 to over 8 MPa. In these terms, the mechanical behavior of
PMMA-containing scenarios, even if characterized by lower rigidity, can be considered "more
resilient" for the application selected, since no specific orientation induces fragile behavior.
Implementation time was analyzed considering all steps from the slicing of the DICOM file to the
post-processing of the printed skull cap. The processing time was approximately in the same order of
magnitude as reported for PLA “direct print” technology and “silicone mold technology”, being 30 h
17" and 19 h 5', respectively. This time was recorded despite the inclusion of some additional steps,
namely the manufacturing step of the silicone mold, and PMMA casting and drying. This finding was
due to the combination of two elements: the ease of printing ABS compared to PLA filament, and the
use of a more expensive/sophisticated printer in the silicone mold scenario. Technology using TPU
printed molds, took significantly longer time, 119 h 45', due to the presence of two mold halves to be
printed and elaborated.

Since sterilization step is considered, the possibility of using autoclave on silicone mold makes this
technology of choice. In fact, autoclave is the most economical strategy, both in terms of initial
investment and running costs, compared to gamma irradiation or the HPGP method. Autoclave

sterilization and HPGP also have a comparable treatment time (1 hour vs. 45 minutes, respectively).
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On the other hand, gamma irradiation, the only strategy currently tested and found to be inappropriate
for the sterilization of TPU filament, resulted in (32). This technique, although very effective also in
the weft of the printed piece, has several drawbacks, including long treatment times (from hours to
days), management of radioactivity and, consequently, high costs.

Direct printing of PLA prostheses has a good potential for standardization in terms of minimizing
operator-dependent variability. The printing phase provides a part with a fairly reliable profile
compared to the original model.

A second method for the realization of a cranial prosthesis considers the production of a silicone
mold. The design of the printing model does not really require any modification, since silicone molds
are made by hand on a master printed in ABS, following a procedure that is completely analogous to
the direct printing of the PLA prosthesis. The preparation of the silicone mold is done manually,
therefore it takes some time and its quality depends on the operator.

The "TPU mold" strategy differs from the previous two since the CT image processing and file
elaboration involves the design of a separate file for each of the two valves of the mold. This step
requires the intervention of an operator whose ability depends on the efficiency of the mold, the
amount of TPU filament consumed and the printing time. Nevertheless, for this method, the
intervention of operator in the manufacturing of molds is not required as for the silicone mold,
specifically in the mold manufacturing step. This provides the "TPU mold" method with a higher
potential of automation, as the main advantage over the use of silicone mold.

PMMA implants have a biocompatibility and induce an inflammatory that are more compatible,
compared to PLA, with the implementation of large-size implants. Nevertheless, the implantation of
PMMA prosthesis require to ensure the complete polymerization of PMMA to avoid the exposure of
neural tissue to the heat generated during polymerization (21), or the contact with unreacted chemicals.
In this scenario, casting is the critical step. The mold could be realized in silicone or in TPU, and
these materials are both good choices (33). Although the release of traces of TPU during
polymerization of PMMA needs to be evaluated in future studies, a review of the relevant literature
suggests that TPU is a material with a reduced induction of inflammatory response (34).
Conclusions

Three procedures were discussed here for the implementation of cranioplasty. Among these three, the
"silicone mold" scenario presented the highest number of beneficial, according to most of the
evaluation criteria considered. In particular, the possibility of using implantable PMMA for the
manufacture of the skullcap, a material that features a lower inflammatory response, as a higher

compatibility, with respect to PLA. Implantable PMMA is supplied as a sterile product, so the only
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part that needs to be sterilized is the silicone mold, which is compatible with the simplest and least
expensive process of autoclaving.

Direct printing of PLA skull cap showed higher mechanical properties, although mechanical behavior
of PMMA scenarios is still more than adequate. The "direct print" scenario features a comparable
manufacturing time with respect to the "silicone mold" strategy. It also features a complete
automation in prosthesis manufacturing. Nevertheless, the high cost of the material and the limitation
of the skull dimensions make the "direct print" strategy limited to specific case studies.

The “TPU mold” scenario was the least favorable of the three, particularly in terms of implementation
time and sterilization capabilities. Still, a large margin of improvement is expected, related to the
choice of a different type of flexible in order to: i) reproject the mold with a lighter structure, ii)
exploit alternative sterilization processes. Moreover, the "TPU mold" strategy has a good potential

especially in case studies where complex geometries are required.
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Table 1.
Nozzle diameter, mm 0.40
Layer thickness, mm 0.15
Print speed, mm/s 50
Extrusion Temperature, °C 210
Platform Temperature, °C 50
Infill Density, % 20
Fan, % 100
Type Infill Cube
Raft Enable
Support material Z-SUPPORT Premium
Raft enabled yes
Raft layers 5
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Table 2.
Nozzle diameter, mm 0,40+0,01
Layer thickness, mm 0,15
Print speed, mm/s 30
Extrusion Temperature, °C 270
Platform Temperature, °C 90
Infill Density, % 10
Fan, % Graduate from 0 to 40
Type Infill Cube
Raft Enable
Support material TPU
Raft enabled yes
Raft layers 5
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Table 3.
Printing method . . Two valves silicone Two valves TPU
Direct print
Step timing mold mold
lh 1h 1h
. Of which 40 min Of which 40 min Of which 40 min
InVesalius 3.1 L L .
specialized computer specialized computer specialized computer
technician technician technician
3h 3h 3h
Of which 2h, specialized Of which 2h, specialized Of which 2h, specialized
VxElements - e Ay
computer technician and computer technician and computer technician and
radiology technician radiology technician radiology technician
2 h (3 mm thickening) 3 h (5 mm thickening) 2 h (3 mm thickening)
Meshmixer Oof \yhi.ch, 10 min of of whi.ch, in both cases, Of_which 10 min,
specialized computer 10 min of specialized specialized computer
technician computer technician technician
o  Upper valve: 8 h;
e Lowervalve: 6 h
SolidWorks | - | e All active projecting time
(specialized computer
technician)
1h e  Upper part: 15 min

e Lower part: 15 min

Z-Suite Of which, Thof |  =——- All active projecting time
specialized computer (specialized computer

technician technician)

Simplify3D software 1h
_______ Of which, 1h of —
specialized computer
technician

Total 7h 8h 20 h 30 min
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Table 4.

STL file 7h

Printing time 22 h 47 min
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(+extra time of printing step) 30 min

9 Total 30 h 17 min
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Table 5.
STL file 8 h
Printing time 9h
(+extra time of printing step) 30 min
Hand manufacturing of two valve mold lh
Drying time of medical-grade silicone 20 min
elastomer at R.T.
PMMA pouring 5 min
PMMA drying 10 min
Total 19 h, 5 min
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Table 6.

STL file (total value, upper and lower valve) 20 h 30 min

Printing time Upper valve: 2 G 7 h 18 min
Lower valve: 1 G 18 h 32 min
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(+extra time of printing step) Upper valve: 30 min
10 Lower valve: 30 min

11 PMMA pouring 5 min

12 PMMA drying 20 min

13 Total 119 h 45 min
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Table 7.
Direct print Direct print TPU mold TPU mold Silicone mold Silicone mold
orthogonal parallel orthogonal parallel orthogonal parallel
Thickness 3.30+0.04 3.16+0.01 3.3+0.1 3.18+0.06 2.85+0.1 2.9+0.2
A% 9.95 5.27 9.83 6.11 -5 3.3%
Width 13.1+0.4 12.9+£0.01 12.5+0.1 12.5+0,2 12.51+0.1 12.6+0.2
SD % 3.26 1.84 -1.30 -1.81 -1.50 0.8 %
Length 128.0+0.3 126.8+0.2 125.50+0.5 124.3+0.9 127.95+ 123.7+
SD % 0.76 -0.17 -1.19 -2.09 0.75 2.6 %
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Table §.

Sample (Ra £ s.d) pm

Direct print - orthogonal 19.2940.08
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Direct print - parallel 18.7£0.1

9 TPU mold - orthogonal 37+2

10 TPU mold - parallel 4242

11 Silicone mold - orthogonal 2.23+0.09

12 Silicone mold - parallel 2.9+0.1
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Table 9.

Scenario Flexural Modulus, MPa
Direct print - parallel 2974 £5

Direct print - orthogonal 2300 + 200

TPU mold - parallel 2200 £ 100

TPU mold - orthogonal 1400 + 200
Silicone - mold parallel 1700 £ 200
Silicone - mold orthogonal 1700 + 200
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Figure 1 3D-printed master in ABS of the cranial flap.
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Figure 2 Schematic representation of the silicon mold during the phase of cranial flap extraction
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24 Figure 3 “Direct print”scenario: STL files file of a) parallel and b) orthogonal samples; c¢) printed samples in
the two orientations

26 99x51mm (220 x 220 DPI)
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Figure 4 “silicone mold” scanario: a) preparation of silicone mold with ABS masters; b) cast samples in the
two orientations.
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Figure 5 “TPU mold” scenario: STL file of a) parallel mold and b) orthogonal mold; c) cast samples in the two
orientations
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a) b)

Figure 6: Images of a selected section of patient’s cranium, selected as model for the implant
manufacturing: a) 3D model of cranium surface; b) same surface after meshing process; c) model after
thickening and the second step of meshing.
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Figure 7 Slicing file of 3 mm PLA skull cap.

w
o

99x69mm (220 x 220 DPI)

uuuuuuuuudbbdbdDBADDBANDAMDDMDAMWWWWWWWWW
OCoONOOCTULDDWN-—_OLOVOONOOCULLDDWN=—_OOVONOUVIDd, WN =

http://mc.manuscriptcentral.com/ijmrcas

(o))
o



oNOYTULT D WN =

International Journal of Medical Robotics and Computer Assisted Surgery

Figure 8 3D image of a) upper mold half (left) in upside down position, and lower mold half (right) in upside
down position; b) slicing files of structures as in a)

136x106mm (150 x 150 DPI)
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Figure 9 Cranial flap obtained from direct printing of PLA filament
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Figure 10 PMMA cranial flap obtained from silicone mold (15)
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Figure 11 Views of upper mold half of printed TPU mold.
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Figure 12 Views of lower mold half of printed TPU mold.
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Figure 13 Views of two valves mold of printed TPU mold.
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Figure 14 Morphological maps under adapted scale (from a) to f) plots) and normalized scale (from a’) to f")
plots) of slab samples obtaine by: a), a’) parallel and b), b") orthogonal PLA direct print; c), c’) parallel and
d), d") orthogonal silicone mold; e, e’) parallel, f), f') orthogonal TPU mold.
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Figure 15 Load-displacement curves for flexural tests
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