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As innovation and especially the advent of customized prostheses has deeply modified many surgical procedures in our
discipline, it is imperative for the contemporary surgeon to become aware of the impact that the MDR will have on many
aspects, including the choice of the manufacturer, the evaluation of the devices, point-of-care 3D printing labs, and
medical software.
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| 1. Additive Manufacturing Concepts for the CMF Surgeon

Metal implants for CMF surgery are generally produced using additive manufacturing (AM) technologies that allow to 3D
print a lot of metal types and especially titanium and its alloys. 3D powder bed fusion (PBF) printing is a production
process that consists of the progressive deposition along the vertical axis of ultra-thin layers of metallic powder, melted
layer by layer using an energy source appropriately guided depending on the desired geometry. In the case of
overhanging features in respect to the growth direction of the fusion, the geometry to be printed will often need to be
supported by column-shape elements that have the double function to ensure a solid base for the protruding features and
to dissipate heat L.

The most important advantage of these technologies is to allow the creation of very peculiar and complicated shapes, that
could not be produced with the classic subtractive machining, like milling. For this reason, 3D PBF printing is perfectly
suitable to the challenges imposed by the prosthetic replacement of the facial skeleton, since it allows the creation of
prostheses that perfectly replicate even the most complicated bone anatomies.

The printing process is very delicate, it takes place in controlled atmosphere and the conformity of the produced pieces
depends firstly on a correct setting of the parameters of the machine and then on a good positioning of the piece in the
melting chamber as well as on an appropriate design. The most common technologies for 3D PBF printing are SLM
(selective laser melting) and EBM (electron beam melting). The main difference between them is the energy source, a
laser for the former and a high energy electron beam for the latter [,

EBM vs. SLM

It is useful to understand the main properties of the technology and to be aware of its limits and criticalities while designing
a piece with particular resistance, finishing or precision features to be produced with 3D printing, since SLM and EBM are
different. The main differences between them are the following [&I:

« EBM technology has usually a higher building rate in respect to the SLM, therefore it is more suitable for the production
of complex shapes, for example lattice structures; EBM technology has usually a higher building rate compared to
SLM. This is due to two main factors: first, layer thickness has higher values (50-100 um in respect to the 20-100 um
of the SLM process); secondly, the immediate electron beam motion from one location to another, thanks to the
instantaneous response of magnetic coils, can considerably speed up component fabrication (for example, electron
beam speed can reach 8000 m/s in ARCAM machines &, with the laser reaching 7 m/s in EOS machines 4). For
instance, in the production of truss-like structures (lattice structures), EBM is to be chosen;

« The surface finishing of a component produced with EBM is much lower in respect to an SLM product. Is it sufficient to
consider that the roughness parameters of EBM “as built” specimens are about twice those of SLM “as built” ones: in
fact the roughness of EBM is 30—40 um while for SLM specimens is 11-18 um. This is mainly due to the fact that the
layer thickness, powder size, and melting pool size in the case of SLM are half the one used in EBM specimens &;

e The components produced with SLM undergo strong thermic gradients during the 3D printing process, since the
preheating temperature of the powders is generally low, since the temperature of the chamber in SLM process is the



environment temperature, assumed to be 293 K [, That is why they need some thermic post treatments in order to
reduce the residual stresses that take origin inside the material because of the rapid and iterative phase change of the
metal (solid—liquid—solid). On the contrary, in the EBM technology the temperature of the powder bed is higher and
ensures the absence of thermal stresses inside the melted material, around 870 K during the melting process [

e On the contrary, maintaining the powder bed at high temperature has a bad influence on the quality of the
microstructure of the melted metal that results coarse with large grains. This fact has a direct influence on the
mechanical characteristics of the material: an SLM component, in fact, has higher resistance to traction while being
less ductile in respect to an EBM product B2,

« In the EBM, the pre-heating of the powder allows the unmelted particles to bind together and to act as a support for the
overhanging geometrical features. Generally, EBM products need fewer physical supports in respect to the SLM ones.

The correct positioning of the supports, especially when using the SLM, accounts for the good quality of the final piece in
terms of dimensional precision, surface finishing, and defects. The main functions of support structures are 19

« Withstand deformation or even collapse of processed material caused by gravity during the manufacturing process;

« Mitigate the effects of thermal gradients generated during production, since thermal distortions may lead to cracks,
curling, sag, delamination, and shrinkage;

« Anchor the part to the build platform;
« In PBF, they stop any layer shifting during the re-coating phase.

In summary, the SLM process requires an accurate study for the positioning of the supports and a fundamental post
processing phase, in which the component is cleaned from the residual powder, the supports are removed, and the piece
is thermically treated to relieve residual stresses and avoid cracking. EBM products, as seen before, do not need such a
long post processing, except for a very accurate powder removing phase. Of course, rough surfaces “as built” will have a
higher roughness value and might need some finishing operations to enhance their quality.

Figure 1 schematically represents SLM and EBM processes and Figure 2 illustrates CMF implants prototyped using SLM
and used for surgeries.

Figure 1. EBM and SLM technology principles: (a) EBM; (b) SLM.



Figure 2. 3D printed implants manufactured by using SLM and used for surgeries at our institution include customized
reconstruction plates, temporomandibular joint prostheses, and full mandibular prostheses used for reconstructive
purposes in oncologic patients.

| 2. How to Evaluate the Requested CMF Implant? A Guide for the Surgeon
2.1. Principles of Mechanical Defects Formation

Before learning how to perform an effective visual inspection, it is necessary to understand some main defects connected
with the 3D PBF printing. They can be divided into macroscopic and microscopic, and they usually depend on the wrong
setting of the parameters of the machine, but they are even related with some criticalities of the geometry to be printed
and its positioning inside the melting chamber. It is of prominent importance to underline that almost every defect can be
avoided or corrected by conducting a systematic analysis and optimization of the parameters involved in the 3D printing
process (Table 1).

Table 1. Criticalities that might occur during the manufacturing process and design recommendations to avoid them.

Critical Feature Description Recommendation for Prosthesis Design

Vertical thin walled structures with
thickness from 1 to 0.1 mm

Pipe-like, I_10IIow cylmder§ with different Avoid thin walled parts having thickness smaller than 0.2 mm
external diameters and thicknesses

Small quarters of spherical shells
presenting undercut surfaces

Abrupt trar_]smon from semi-void section Avoid abrupt section variations whenever possible
to full section

Small full cross section parallelepipeds
and cylinders having variable fillets/radii
at their bases

It is possible to print small features with small or no fillets/radii at their
conjunctions with other surfaces

Horizontal cylindrical holes with Horizontal holes are feasible having maximum diameter of about 8 mm, but they
diameters in the range 2-8 mm, without can be inaccurate; better results can be achieved by assuming a drop-like cross
internal supports section shape

Surface quality is affected by the staircase effect, but it can be partially
(Undercut) surfaces with different slope improved by varying the orientation of the part with respect to the platform.
Small undercut surfaces are feasible without supports



« Porosity: the presence of pores inside the metallic structure could be critical for the fatigue resistance of the component
(11 Notably, porosities usually represent the trigger points for cracks propagation. These pores usually measure from 1
to 20 um and can extend up to the surface.

« Balling: melt ball formation occurs when the molten material solidifies into spheres instead of solid layers. The result is
a rough and bead-shaped surface that produces an irregular layer deposition with detrimental effects on the density
and quality of the part 12, Balling increases the surface roughness and contributes to the formation of a large number
of pores.

« Surface defects: the presence of a rough and non-homogeneous surface represents a critical issue for the final
component. In PBF processes, surface roughness has two main contributors: the stair-stepping effect due to the layer-
wise production, and the actual roughness of the metal surface. The surface finishing depends on the surface
orientation with respect to the growth direction 23l In particular, downward and upward surfaces are known to have
considerably different roughness properties. The former present much lower surface quality. It is important to highlight
the dependence of the fatigue resistance on the surface roughness of the stressed surface: the higher the roughness
the lower the fatigue performance of the component.

« Geometric defects: the PBF produced parts may exhibit different kinds of dimensional and geometric deviations from
the nominal model: shrinkage and oversizing are the most common ones. Other sources of inaccuracy are represented
by warping (a curling phenomenon that yields a curved profile of down facing surfaces intended to be flat) and by the
formation of super elevated edges. These phenomena deteriorate the surface topology and the dimensional accuracy
while interfering with the efficiency of the recoating system as well as damaging the adjacent pieces. Other distortions
affect critical features like thin walls, overhanging surfaces, and acute corners [14],

« Residual stresses, cracking, and delamination: the SLM printing is known to create in the molten components great
residual stresses that could result in cracking or delamination when the arisen tensile stress exceeds the ultimate
tensile strength and overcomes the binding ability between two adjacent layers 12, As a consequence, a partial
disconnection of the part from the base plate could occur.

« Microstructural inhomogeneities and impurities: PBF processes involve highly localized high-heat inputs during very
short beam-material interaction times that will therefore significantly affect the microstructure of the part 18], leading to
the formation of microstructural inhomogeneities or nonequilibrium microstructures that could have a detrimental
influence on the mechanical and functional performances of the part. These kinds of defects includes impurities
(inclusions, contaminations from other materials, and formations of surface oxides), grain size characteristics, and
crystallographic textures. Furthermore, the presence of unfused powders within pores or in the form of satellite powder
clumps could represent a severe problem for the safety of the device 4.,

2.2. Visual Inspection

While evaluating the conformity of components printed with 3D PBF technology, it is a good habit to keep in mind all of
these defect types in order to perform an efficient visual inspection. This is especially true while evaluating a CMF
component that is under assessment for surgical implantation. The leading idea is the smoother and more homogenous
the surface, the better the quality of the component. It will be of key importance to evaluate the absence of isolated pores
(1), detectable with bare eye, and of inhomogeneous accumulation of material, like clots (2), burrs or thin leaves of
material (3), since they represent structural discontinuities, possible zones of stagnation of unmelted powders or of
undesired fusion secondary products (10-150 um). If not correctly removed, they could promote the proliferation of
pathogens. Figure 3 refers to a mandibular prosthesis ordered by our institution and rejected because of unwanted
defects. In this example, even a bare eye inspection, if performed with attention and according with the aforementioned
explanations, reveals unacceptable imperfections.



Figure 3. Example of accurate visual inspection conducted on a mandibular prosthesis ordered before MDR entered into
force according to the explanations provided in Section 2.2.2. The manufacturer did not comply with requirements of the
new MDR. In particular, undesired amounts of material can be seen on the edges of screw holes, appearing as plugs,
clots, or thin leaves. Such imperfections are at risk of detachment during screw fixation and are freed into the body.
Moreover, the whole implant surface is filled with small burrs, which are the ideal support for biofilm adhesion.

2.3. Laboratory Inspections

On the other hand, microporosity and microcracks are not detectable with a visual inspection, therefore special tests need
to be carried out to observe them, as they could represent the trigger point for larger cracks especially in fatigue stressed
components. Invasive and not invasive techniques could be used for this purpose. The former ones include:

« Metallographic analysis: the component is cut in different positions and the sections are analyzed with a scanning
electron microscope, SEM;

« Penetrant liquid testing: the component is immersed in a fluorescent liquid with high capillarity and is then analyzed
under a Wood lamp to see where the liquid propagated—this test highlights only surface porosities that could be critical
for biological contamination. Penetrant liquid test is a non-destructive control method, nevertheless the analyzed part
could undergo contamination by the fluorescent liquid 1&!;

whereas the latter ones include:
« Ultrasonic inspection [£2129;
« Industrial computerized tomography [211122],

However, to be sure of the safety of the component, a biocompatibility panel of tests should be performed in order to
understand if this kind of porosity is critical for contaminants and for bacteria proliferation.

| 3. Design Tips to Improve the Final Result

Porosity and geometrical defects are often the consequence of a mispositioning of the supports or of a wrong orientation
of the part in the melting chamber. Therefore, while creating and designing the virtual model, it is fundamental to follow
some guidelines for the 3D PBF printing, which need to respect some feasibility requirements to avoid possible issues
during the production steps:



Identify the functional surfaces, where good finishing and precision are essential, in order for the producer to avoid their
down facing positioning and to avoid placing supports on it.

Avoid inserting in the design undercut features, i.e., that have some surfaces overriding a critical angle of inclination in
respect to the working plane. The critical angle depends on the process, on the material, and on the parameters of the
machine, but generally it is known to be around 45°. Surfaces that override this inclination need to be supported and
therefore could undergo a lack of quality 231,

If not strictly necessary, avoid the positioning of holes with a non-parallel axis in respect to the growth direction of the
piece. Do not use too long bridge elements. If it is possible, position holes, pits, and through holes with the axis as
closer as possible to the vertical position in order to prevent the formation of unwanted material accumulations.

Avoid too small holes and too thin features, that would be very affected by the residual stresses and would probably
deform. If such details are necessary, they will be performed using a subtractive method once the part is printed.
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