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Abstract: Anterior skull base reconstruction is a complex surgical procedure that requires careful
evaluation of the patient's condition and the expertise of a skilled surgical team. Skull base
reconstruction objectives focus on providing water-tight separation between the intracranial and
extracranial contents, closing dead space, and returning reasonable form and function. Regarding the
reconstruction options, the main categories are non-vascular grafts, loco-regional flaps, free tissue
transfer or bony-free flaps. The major challenge in reconstructive surgery is the effective sealing of the
defect due to its uneven edges and the conformation of the anterior skull base. Given this challenge, we
are considering the possibility of designing a prosthetic for anterior skull base defects using the 3D
printer.
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1. Introduction

The skull base is a three-dimensional structure that requires very good knowledge and understanding
of the local anatomy for its surgical approach. The boundaries of the anterior skull base are medially,
the crista galli and cribriform plate; laterally, the frontal bone; and posteriorly, the lesser wings of the
sphenoid bone [1].

The two main categories of factors that can cause defects in the anterior skull base are traumatic and
non-traumatic. Benign tumours like angiofibroma, inverted papilloma, osteomalacia and secondary
mucocele or malignant tumours like sinonasal carcinoma, rhabdomyosarcoma or lymphoma represent
the non-traumatic factors. The traumatic factors are defined by craniofacial trauma or surgical trauma.
The main complication of skull base defects is cerebrospinal fluid (CSF) leaks [2]. With the development
of technology, the endoscopic endonasal approach has become a significant option for the surgical
treatment of anterior skull base pathologies and the reconstruction of anterior skull base defects [3]. A
successful reconstruction of these defects represents the absence of postoperative CSF leaks, meningitis
or pneumocephalus.

When planning skull base reconstruction surgery, one must consider the defect's location and size to
assess the pressure of the CSF leak and the integrity of the dura. It is also essential to know if the history
of the patient includes radiation therapy, meningitis or other skull base surgeries [4].

Regarding the reconstruction options, the main categories are non-vascular grafts, loco-regional
flaps, free tissue transfer or bony-free flaps [5].

The major challenge in reconstructive surgery is the effective sealing of the defect due to its uneven
edges and the conformation of the anterior skull base [6]. Given this challenge, we are considering the
possibility of designing a prosthetic for anterior skull base defects using the 3D printer. When printing
a 3D object, one must use computer-aided design (CAD) software. The fabrication of 3D-printed objects
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begins from the base, layer by layer, to the top. CAD guides the dispersion of each layer. 3D printing
includes multiple techniques for creating objects with different material requirements, efficacy and costs
[7-9].

Stereolithography (SLA) was the first 3D printing process developed and is still its gold standard to
this day. It uses a moving CAD-controlled UV source to expose liquid resins to UV light. The exposure
to UV radiation drives the resin into the solid phase. The leftover resin must be removed before final
UV-chamber curing. The disadvantages of SLA are that it is a slow and expensive process [10,11].

Material jetting printing (MJP) uses an immobile UV source, unlike SLA. This makes the positional
deposition of liquid resin essential in this process. There are two main types of jetting used by MJP
machines: continuous and drop-on-demand. One of the main advantages of MJP is compositional
control, which is achieved by dispensing individual drops of resin, which gives the possibility to adjust
materials during the printing process [12,13].

Binder jetting printing (BJP) uses a powder base and a binder substance. After drying the powder
base and the binder, one can add glass, sand or metals. After the fabrication of all the layers, substantial
processing is required, and the object needs depowdering and sintering to improve its mechanical
properties. Afterwards, additional materials are infiltrated and annealed for better structural integrity.
This technique's main disadvantage is its inferior resolution capabilities [14,15].

Selective laser sintering (SLS) technique is based on altering deposited powder. A laser is used to
sinter and melt the powder. The materials used by SLS include nylon, metal, resin, polymers, and
ceramic. The ability to produce soft scaffolding, which is conductive for soft tissue, represents one of
the main advantages of SLS [16].

Fused deposition modelling (FDM), unlike BJP or SLS, does not need to interact with a powder or
binding substance because the material can be injected directly onto the fabrication platform. Each layer
is printed by a platform that moves vertically. The production of each layer has heating of the material
as the first step until it reaches a semi-molten state. Afterwards, the material is extruded through nozzles,
where it solidifies. FDM can use materials such as metals, ceramics and thermoplastic substances that
must be pliable enough to be extruded. The technique's disadvantages are poor resolution and poor
surface finish [16].

This paper aims to evaluate the existing 3D-printed biomaterials in order to find the most suitable
one for producing an implant that could be used to seal anterior skull base defects.

2. Materials and methods

The biomaterials must meet specific requirements: they must be biomimetic and biocompatible, not
to form toxic degradation byproducts, they should be easily manufactured, structurally stable and
affordable.

Polymers are the most used biomaterials in 3D printing technologies. They come in various forms
that can each be used in a different printing technique. For example, filaments are used for FDM, powder
beads are used for SLS, solutions are used for SLA, and gels are used for direct ink writing (DIW).

Polymers are biocompatible and can be dissolved in organic solvents [17].

Acrylonitrile butadiene styrene (ABS) is a petrochemical triblock copolymer and was one of the first
3D printing materials used. It is flexible, not biodegradable, shrinks in contact with air, can resist
temperatures of -20°C to 80°C, and has a melting point of 105°C. This material can be used for fused
deposition modelling and stereolithography systems [18, 19].

Polylactic acid is the main polymer used for fused deposition modelling. The main advantages are
its low cost and the fact that it can be produced by using cornstarch. The main disadvantage of this
polymer is the release of lactic acid byproducts when it degrades. These byproducts can cause
inflammation or cell death. A solution for this problem is combining it with carbonated calcium
phosphates that neutralize acidity. Polylactic acid has good compressive strength compared to bone
tissue; thus, it is usually used in orthopaedic support [20,21].
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Polycaprolactone (PCL) is also a low-cost and biodegradable polyester. It melts at 60°C, and it has
superior viscoelastic properties. It can be used for FDM printing to produce long-term degradable
implants. An important aspect is that PCL is stable in the body for around six months and completely
degrades in three years without forming harmful byproducts.

PCL can produce scaffolds with SLS and DIW because it forms interconnected micro-fibres that lead
to a scaffold with porosity suited for embedding growth factors, drugs and cells [22, 23].

High-performance polymers - polyether ether ketone (PEEK), polyether ketone ketone (PEKK),
polyetherimide (Ultem).

These high-performance polymers have mechanical characteristics similar to those of metals, like
high mechanical and thermal resistance and good strength. The main difference is that these polymers
are much lighter than some metals. These properties make them attractive for the biomedical field.

PEEK, PEKK, and Ultem have a melting point of ~ 350°C. For this reason, they cannot be printed
on all FDM printers. The 3D printer must meet specific requirements to print these polymers: it needs
to have a heating plate capable of reaching at least 230°C, an extrusion at 350°C, and a closed chamber.
This property gives 3D-printed high-performance polymers superior heat resistance, meaning they can
undergo steam sterilization without softening [24].

PEEK has osseointegration properties, is biocompatible, has low moisture absorption, and is
radiolucent. These properties make PEEK a good option for bone tissue engineering, such as craniofacial
implants [25-27].

Polypropylene (PP)

PP is a crystalline thermoplastic polymer. This polymer is produced from propene (or propylene)
monomer. The melting point of PP is ~ 165°C. PP has a density of 0.908 g/cm?, making it one of the
lightest polymers. PP is known for being a strong material that resists well to abrasion and has the ability
to absorb shocks.

Its disadvantages include low-temperature resistance (PP becomes fragile at -20°C), it expands under
UV rays, and chlorinated solvents can cause it to swell.

PP properties make it useful in producing personalized 3D-printed orthoses for patients with bone
fractures [28].

Polyamides

Polyamides are usually used with SLS technology. However, nylon, a variant of polyamides, is also
available for FDM.

Polyamides are biocompatible and are usually used to produce scaffolds or prostheses that come into
contact with skin.

Polyamides also have good stability, rigidity, flexibility, and shock resistance. In the medical field,
polyamides are combined with hydroxyapatite to produce porous scaffolds used for bone regeneration.
[29-31].

Thermoplastic polyurethane (TPU)
Although TPU is flexible and abrasion-resistant, it cannot withstand high temperatures [32]. Its
properties make TPU the ideal option for insoles, foot orthoses or thumb supports [33].

Polymeric hydrogel-based inks

Hydrogels are 3D cross-linked polymer networks that can retain large amounts of water (> 90%) [34,
35].

Due to hydrogels biocompatibility, tunable mechanics, and degradation, they are able to mimic
extracellular matrix microenvironments (ECM) [36, 37].

Their ability to incorporate nucleic acids, glycans, growth factors or fatty acids leads to the possibility
of creating biomimetic supramolecular scaffolds.
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The properties of hydrogel make it a valuable tool in the biomedical field (like regenerative medicine)
but also in the engineering one.

Bio-inks are how printable hydrogels are named when they contain biochemical molecules. Bio-inks
are defined by Groll et al.as "a formulation of cells suitable for processing by an automated bio-
fabrication technology that may also contain biologically active components and biomaterials™ [38].

The most used printing systems for bioinks are inkjet, light-assisted, and extrusion-based 3D printing
[39-41].

The main requirements that hydrogel inks must meet to be bioprinted are to gellify rapidly, flow
under modest pressure, and have good mechanical properties. Because bioinks' properties can affect cell
growth, when choosing bioinks, one should consider the physiological aspects and mechanical properties
of the desired tissue. In recent years, many hydrogels have been developed. Still, the most used ones for
3D bioprinting are those made from natural or synthetic proteins - for example, collagen, gelatin, spider
silk, ECM-derived proteins, and polysaccharides.

Ceramic-based materials could potentially be helpful for dental surgery and orthopaedics due to their
high stiffness (393 GPa). Until now, 3D printing methods have been limited in ceramic printing because
of their high melting temperature, which is above 2000°C.

3. Results and discussions

Developing 3D printing techniques for head and neck reconstructive surgeries is a fascinating
prospect. Nowadays, applications for 3D printing in otolaryngology are just in the preliminary stages of
development. Extended skull base approaches are intricate and lengthy operations whose main challenge
is closing the skull base defect created at the time of surgery. Although reconstructive techniques have
become more successful over recent years, we believe that creating models and prostheses that cover the
defects using the 3D printer could reduce operating time and wound exposure and improve closure
effectiveness.

The main challenge is that skull base defects may vary depending on the location of the tumour and
the amount of bone that needs to be removed for access. The ideal scenario is to be able to perform an
intraoperative CT once the bony defect is completed and to print a prosthesis that fits perfectly the size
of the opening. Unfortunately, currently, the 3D printing and modelling speeds are time-consuming and
exceed the time frame of the surgery. Another problem is the sterilization of the 3D model after printing.
The material used to produce 3D models should resist fast sterilization techniques to speed up the
sterilization process.

Another option is preparing the 3D model before the surgery, relying on selecting the anatomical
landmarks on the preoperative CT scans. The preselected landmarks should be sufficiently precise to
guide the surgeon in tailoring the model prosthesis. CT scans must be performed in bone window with
thin cut slices.

The elasticity of the prosthetic model is an essential aspect that needs to be considered. Prostheses
with a high rigidity can be difficult to insert into the nasal cavity and can cause damage to the mucosa
and surrounding tissues. Using flexible materials can reduce the risk of mucosal injury and facilitate the
insertion of the 3D-printed model into the nasal cavity. On the other hand, if the flexibility is too high,
the model won't be able to hold its shape and place after insertion. For these reasons, it is necessary to
find a balance between flexibility and rigidity of the 3D printed model so that it is easy to insert at the
level of the nasal cavity and the skull base defect but rigid enough to hold its place and have good
stability.

The 3D-printed products used for medical purposes must be biocompatible, not to trigger allergic or
toxic reactions.

In addition, researchers are continuously exploring the use of 3D printing for multiple medical
applications, including producing tailored drug delivery devices fabricating tissues and organs for
regenerative medicine. 3D printing technology is also used to understand the complex structural-
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physiology relationships regarding diagnosing and treating pulmonary, neurological, or cardiovascular
diseases [42-44].

In selecting the biomaterial, we took into consideration its application and functionality.

We compared the materials' functionality by dividing them into three main categories: strength,
special properties and flexibility. The special properties are subdivided into the following categories:
chemical resistance, biodegradable, biocompatible, sterilizable and bioactive. The flexibility category is
subdivided into high elongation and rubber-like.

ABS has low strength (less than 40MPa), is sterilizable and is best suited for surgical models and
prostheses.

TPU is biodegradable and has a high flexibility.

PEEK and PEKK have high strength (more than 85 MPa) and chemical resistance, are biocompatible,
and are sterilizable. These properties make them suitable for creating load-bearing implants and surgical
tools.

Other advantages of PEEK are osseointegration, low moisture absorption, and the fact that it is
radiolucent. These properties make PEEK a good option for bone tissue engineering, such as craniofacial
implants.

After thoroughly analyzing the properties of the 3D-printing biomaterials, we concluded that PEEK
is the biomaterial that best defines our project purpose.

4. Conclusions

Endoscopic skull base surgery is increasingly indicated in a variety of pathologies, and the tendency
is for it to become the standard of care. Anterior skull base surgery presents ablative and reconstructive
challenges for surgeons. After these surgeries, there is a subsequent risk of postoperative CSF leaks.
Currently, multilayer reconstruction techniques are used to seal the defects with a high success rate. We
believe these results can be improved by creating a 3D-printed model of the skull base defect.

As technology advances, new biocompatible materials will appear, and the time required for printing
and tailoring the prosthesis will be reduced. The quality and applicability of this approach will be
improved. Additional laboratory and clinical investigations are necessary to demonstrate the relevance
and efficiency of the technique.
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