
 

 

 

 

 
 

 

 

 

 

Guilherme da Costa Gomes Rodrigues Catela 
 

 

 

 

INFLUENCE OF ARTIFICIAL SALIVA ON THE 

MECHANICAL PROPERTIES OF SANDWICH 

STRUCTURES PROCESSED THROUGH 

ADDITIVE MANUFACTURING 
 

 

 

 

 
 

Dissertation under the Integrated Master Degree in Mechanical 
Engineering, field of speciality in Manufacturing and Project, 

supervised by Professor Ana Paula da Fonseca Piedade and 
presented to the Department of Mechanical Engineering from the 
Faculty of Science and Technology of the University of Coimbra 

 

 

 

 

February of 2021 



   

  



 
 

Influence of Artificial Saliva on the Mechanical 

Properties of Sandwich Structures processed 

through Additive Manufacturing 

Submitted in Partial Fulfilment of the Requirements for the master degree in 
Mechanical Engineering in the speciality of Production and Project. 
 

Influência da Saliva Artificial nas Propriedades 

Mecânicas de Estruturas Sandwich processadas por 

Fabrico Aditivo 
 
 

Author 

Guilherme da Costa Gomes Rodrigues Catela 

Advisor 

Professora Doutora Ana Paula da Fonseca Piedade 
 

Jury 

President 

 

Doutora Ana Catarina da Silva Pinho 

Researcher in University of Coimbra 

Vowel 

 
 
 

Professor Doutor Fernando Jorge Ventura Antunes 

Auxiliary Professor in University of Coimbra 
 
 

Advisor 

 

Professora Doutora Ana Paula da Fonseca Piedade 

Auxiliary Professor in University of Coimbra 
 

 

 

Coimbra, February of 2021 



 

   

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“Do not think that what is hard for you to master is humanly impossible; and if 

it is humanly possible, consider it to be within your reach.” 

Marcus Aurelius 

 





 

 





 

 

  Acknowledgements 

 

 

Guilherme da Costa Gomes Rodrigues Catela  i 

 

 

ACKNOWLEDGEMENTS 

 

Firstly, I would like to thank my advisor, Professora Doutora Ana Paula da 

Fonseca Piedade, for all the patience and support she had with me during this work.  

To Doutora Ana Catarina Pinho for her friendliness, teachings, support, and 

disposal needed to conclude this work.  

To everyone else in the work group that helped me achieve my goal,  

To my colleagues, who I always strived to catch up after falling behind too many 

times. My motivation was always to reach the same heights you have reached. 

To my friends, who were always supportive of my decisions, and ensured I was 

diligent about my work, staying focused, but enjoying the spare time as well.  

To my family, for the continued support along this moment of my life. 

To Sara, whose support was critical to the conclusion of this work. I thank you for 

the patience and love you have shown me all these years. I thank you as well for being a 

role-model of mine when it comes to discipline and diligence. 

  



 

 

Influence of artificial saliva on the mechanical properties of sandwich structures processed through additive 
manufacturing   

 

 

ii  2021 

 

 

 



 

 

  Abstract 

 

 

Guilherme da Costa Gomes Rodrigues Catela  iii 

 

 

Abstract 

With the advances in technology, Additive Manufacturing (AM) processes have 

been gaining an increased importance in the world of industry when compared to other 

manufacturing processes. This is due to the fact that AM is able to produce parts and 

components with complex geometries unachievable by other technologies, while generating 

little or no waste during and after production. When compared to other manufacturing 

processes, AM uses less raw material, which lowers the production costs. The high 

importance of these factors overcome the drawbacks that are sometimes associated with the 

quality of the surface finish and geometry tolerance of printed parts. Nowadays, AM 

processes have the opportunity to have an impact in the manufacturing world, being a core 

element of the Industry 4.0. 

From every available process used in Additive Manufacturing, Fused Deposition 

Modelling (FDM), commonly known as 3D Printing, is the one which requires the less 

amount of equipment, and is one of the easiest, if not the easiest to use of all processes, and 

the equipment needed to produce parts, components or devices through this process are 

easily available.  

The main topic of this dissertation is the use of this technology with the aim of 

producing mouthguards for athletes. The current processes to create mouthguards do not 

produce devices with the adequate design and customized production has a high cost. The 

materials used have some hindrances associated with them, and the technologies used in the 

processing produce a high amount of waste. Through FDM processing, it is possible to 

obtain completely customized mouthguards with minimal waste. There is also the focus on 

the comprehension of which material and material combination will suit better this 

application, in order to have a reliable substitute for the current material employed in the 

production of mouthguards, which is EVA – copolymer of ethylene-vinyl acetate. 

The used materials were the copolymer Acrylonitrile-Butadiene-Styrene (ABS), 

High Impact Polystyrene (HIPS), Poly(methyl methacrylate) (PMMA) and Thermoplastic 

Polyurethane (TPU). The influence of the use on the mechanical properties was also 

evaluated through an aging process with an artificial saliva solution. For both mono and 
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sandwich multi-material combinations, before and after the saliva influence, the mechanical 

properties were evaluated through Transverse Impact Testing and Flexural Testing (Three-

Point Bending – 3PB). The tested specimens were printed according to the standards ASTM 

D790 and Charpy ISO179.  

 

Keywords Additive Manufacturing, 3D Printing, Mouthguard, Multi-
material Printing, Sandwich Structures 
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Resumo 

Com o desenvolvimento tecnológico, os processos de Fabrico Aditivo têm alcançado 

uma importância acrescida no mundo da indústria quando comparados com outros processos 

de fabrico. Tal é devido ao facto de para além de serem capazes de produzir estruturas 

tridimensionais complexas, que não são obtidas por nenhuma outra tecnologia, também o 

processo produz uma quantidade mínima, ou mesmo nula, de desperdício. A quantidade de 

matéria-prima que é utilizada é menor quando comparada com outros processos, o que leva 

à produção de partes, componentes e dispositivos mais económicos. Estes fatores têm uma 

elevada importância, de tal forma que se sobrepõem a algumas desvantagens associadas, em 

alguns casos, como à qualidade do acabamento superficial e à tolerância geométrica. 

Atualmente, os processos de Fabrico Aditivo têm a oportunidade de criar impacto no mundo 

da produção, sendo um elemento fulcral da Indústria 4.0 

De todas as tecnologias associada ao fabrico aditivo, a Modelagem por Deposição 

Fundida (Fused Deposition Modeling – FDM), comummente designada por Impressão 3D, 

é a mais fácil de utilizar, e que requere equipamentos mais acessíveis e de fácil aquisição.  

Esta dissertação centra-se na utilização desta tecnologia na produção de protetores 

bocais para atletas. O processo atual de produção destes dispositivos não utiliza um design 

adequado, e a produção personalizada envolve um elevado custo. Através do fabrico por 

FDM, é possível produzir protetores bocais completamente personalizados, por um custo 

muito menor e com um mínimo de desperdício. Um dos outros objetivos é a utilização de 

mono ou multi-materiais poliméricos que possam ser substitutos adequados ao material que 

atualmente é utilizado na produção de protetores bocais, EVA – copolímero de Acetato- de 

Vinilo de Etileno. 

Os materiais que foram objeto de estudo desta dissertação foram o copolímero 

Acrilonitrilo Butadieno Estireno (ABS), Poliestireno de Elevado Impacto (HIPS), Poli(metil 

metacrilato) (PMMA) e a Poliuretana Termoplástica (TPU). A variação das propriedades 

mecânicas com a utilização dos dispositivos foi avaliada através do envelhecimento com 

uma solução de saliva artificial. As propriedades mecânicas foram avaliadas através de testes 

de Impacto Transversal e testes de Flexão em Três Pontos (Three Point Bending - 3PB) em 
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provetes impressos em mono e em multi-material (estruturas sandwich), antes e após o 

processo de envelhecimento em saliva artificial. Os provetes testados foram impressos 

segundo as normas ASTM D790 e Charpy ISO179.  

 

Palavras-chave: Fabrico Aditivo, Impressão 3D, Protetores Bucais, 
Impressão Multi-material, Estruturas Sandwich 
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INTRODUCTION 

 

 

Additive Manufacturing (AM) is an increasingly present reality in the industry due 

to technological advances. The stage where these processing methods were applied to 

produce prototypes has rapidly evolved to one where functional components and parts are 

processed, with applications in many fields. Moreover, there is an increase in the 

opportunities for the development of products, which can present advantages due to being 

processed through AM. One example of these fields is health. 

Mouthguards are devices used by athletes to absorb and dissipate energy from 

impacts the athlete is subject to during the physical activity. They can minimize or prevent 

injuries to the teeth and surrounding areas of the mouth and jaw. 

Previous works have shown that, in a first approach, there is still room to improve 

and optimize mouthguard production. They must have enough thickness to protect from the 

impacts previously stated, without compromising the comfort for the wearer. Studies suggest 

that most athletes prefer not to use conventional mouthguards due to comfort issues.  

Usually, mouthguards are produced with a single polymer, EVA - Copolymer of 

Ethylene-vinyl Acetate, and processed using conventional techniques, which generates 

waste, and it becomes expensive if customized. EVA has other limitations, such as a low 

rigidity, which may lead to a worse distribution of the stress from impact, and it absorbs 

liquids from the mouth, which may impact the geometry of the mouthguard and 

compromising the retention of it. These allow testing if Fused Deposition Modelling (FDM) 

is useful in this case. Through FDM, it is possible to produce customized mouthguards 

efficiently, with no generation of waste and a reduced cost. 

It was shown that replacing EVA with a single polymer is not an adequate solution, 

which is why this work approaches the perspective of using polymeric multi-materials to 

achieve the exposed needs. 

This dissertation is composed of three chapters. The first chapter presents the state 

of the art and a brief review of the most common AM techniques, focusing on FDM 

processing and the materials used for said techniques. The second chapter describes the 

materials used and the experimental methodologies, from printing to testing. The third 
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chapter presents the results and the discussion regarding these. Conclusions and future 

perspectives are also presented and all used references. 
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1. LITERATURE REVIEW 

Over the last 50 years, a fast and continuous progress in the manufacturing industry was 

achieved due to all advances in manufacturing processes [1]. These manufacturing processes 

can be divided into two major groups: subtractive manufacturing (SM) and additive 

manufacturing (AM). The first one creates a 3D solid by removing the excess of bulk 

material through machine cutting. In the other hand, AM is a term that define all the 

manufacturing methods in which material is added successively, by layers, to create three-

dimensional parts[2]–[5]. The production of complex geometries is achievable; however, it 

has some drawbacks associated to the quality of surface finish and geometry tolerance [6]. 

AM also stands out when compared to other modern techniques of manufacturing because 

of its wide range of materials that can be used such as plastics, ceramics, metal alloys and 

bio-materials [7]. During the model fabrication for any AM techniques, the waste material 

was found to be minimal compared with SM. Due to the society’s environmental concerns, 

AM techniques turned into a very attractive manufacturing method. Furthermore, more 

economical models can be fabricated since the amount of raw material is lower than SM [8]. 

Nowadays, AM has the opportunity to have an impact on the manufacturing world, being a 

core element of the Industry 4.0 [9]. 

 

1.1. Additive Manufacturing 

Additive manufacturing (AM), also known as 3D printing, is defined as a process of 

adding materials to fabricate objects from Computer Aided Design (CAD) models in 

successive layers. Over the span of more than 20 years, several new AM techniques have 

been developed and optimized with applications in aerospace, automotive, biomedical, 

digital art and architectural design [10]. Additive Manufacturing involves various 

techniques, materials and equipment [11]. In addition, AM of powders by Selective Laser 

Sintering (SLS), Selective Laser Melting (SLM) or liquid binding in three-dimensional 

printing, as well as inkjet printing, contour crafting, Stereolithography (SLA) , Direct Energy 

Deposition (DED) and Laminated Object Manufacturing (LOM) are one of the major 
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methods of additive manufacturing [12]. However, the most common technique of additive 

manufacturing is Fused Deposition Modelling (FDM) which uses thermoplastics or 

polymer-based composites as filament material [13]. These methods are explained in the 

following subsections as well as their applications and suitable materials for each method, 

their benefits, and drawbacks. 

 

1.1.1.  Powder Bed Fusion (SLS and SLM) 

In Powder Bed Fusion processes, thin layers of very fine powders are spread and closely 

packed on a platform. Through a laser beam or a binder, those powders (in each layers) are 

fused together [12]. For the following layers, the powders are spread on top of previous 

layers and fused together, until the final 3D part is printed. Then, the excess of powder is 

removed by vacuum. Moreover, further processing and detailing such as coating, sintering 

or infiltration could be employed. The density of the printed part is determined by powder 

size distribution and packing, being the most crucial factors to the efficacy of this method 

[14]. The laser can be applied for powders with a low melting/sintering temperature, whereas 

a liquid binder should then be used. Both Selective Laser Sintering (SLS) and Selective Laser 

Melting (SLM) operate on the same principle [15]. SLS can be used for a range of polymers, 

metals and alloy powders. However, SLM can only be applied for certain metals, for 

example, steel and aluminium. In SLS, the laser scanning does not entirely melt the powders. 

Furthermore, the high local temperature on the surface of the grains leads the fusion of the 

powders at the molecular level. However, in SLM, the powders are fully melted and fused 

together after laser scanning, resulting in in superior mechanical properties [16]. 

 

1.1.2.  Inkjet Printing 

This method is one of the main AM techniques of ceramics. Complex and advanced 

ceramic structures for applications such as scaffolds for tissue engineering can be printed 

with this technique. Via the injection nozzle, a stable ceramic suspension is pumped and 

deposited in the form of droplets onto the substrate [17]. A continuous patter is formed by 

the droplets. It solidifies to enough strength to hold successive layers of printed materials. 

Inkjet printing method is efficient and fast, which allows the design of complex structures.  
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1.1.3.  Stereolithography (SLA) 

Developed in 1986, SLA was the first methods of additive manufacturing [18]. To 

initiate a chain reaction on a layer of resin or monomer solution, this technique uses UV light 

(or electron beam). After activation (radicalisation), the UV-active monomers (mainly 

acrylic or epoxy-based) instantly convert to polymer chains. After polymerization, a pattern 

inside the resin layer is solidified in order to hold the subsequent layers. After the conclusion 

of printing, the unreacted resin is removed. In order to achieve the desired mechanical 

performance, post-process treatment such as heating, or photo-curing is often used for 

printed parts. Ceramic-polymer composites [19] or polymer-derived ceramifiable monomers 

(e.g. silicon oxycarbide [20]) can be printed by using a dispersion of ceramic particles in 

monomers. High-quality parts at a fine resolution (10 μm) can be printed using this technique 

[21]. However, it is a slow and expensive process. Furthermore, the range of printing 

materials is very limited. Additionally, the kinetics of the reaction and. the curing process 

are complex. Regarding the control of the thickness of each layer, the main factors are the 

energy of the light source and exposure [18]. The additive manufacturing of complex 

nanocomposites can be successfully done by this technique [22].  

 

1.1.4.  Laminated Object Manufacturing (LOM) 

Laminated Object Manufacturing (LOM), one of the first commercially available AM 

techniques, is based on layer-by-layer cutting and lamination of sheets or rolls of materials. 

Using a mechanical cutter or laser, successive layers are cut with precision and then bonded 

together (form-then-bond) or vice versa (bond- then-form). The form-then-bond method is 

used particularly for thermal bonding ceramics and metallic materials. By removing excess 

materials before bonding, this method facilitates the construction of internal features [23], 

[24]. After cutting, the excess materials are left for printing support and, when the process is 

completed, they can be removed and recycled [25]. Polymer composites, ceramics, paper 

and metal-filled tapes can be used in LOM. Depending on the type of materials and desired 

properties, post-processing (such as high-temperature treatment) can be recommended. 

Several industries such as paper manufacturing, foundry industries, electronics and smart 

structures use LOM. This additive manufacturing technique can result in a reduction of 

tooling cost and manufacturing time and is considered one of the best AM techniques for 
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larger structures. Despite these benefits, LOM models present inferior surface quality when 

not post-processed. Furthermore, when compared to powder-bed methods, LOM has lower 

dimensional accuracy and the elimination of the excess parts of laminates after formation of 

the object is time-consuming. The presented technique is not recommended for complex 

shapes [10], [12]. 

 

1.1.5.  Fused Deposition Modelling (FDM) 

Fused Deposition Modelling (FDM), commonly called 3D printing, is a method in which 

a continuous filament of a thermoplastic polymer is used to 3D print layers of materials. A 

digital model must be created through a CAD software to print parts and components via 

FDM.  This software allows for the creation of models with the desired geometry [10]. In 

the FDM process, the material, in the form of a filament, is heated at the nozzle to reach the 

desired viscosity. Then, it is extruded on the platform or on the previously printed layers. 

This deposition of the heated viscous material completes as many cycles as needed to create 

the intended part or component. It is possible to print parts and components from 

thermoplastic filaments through this method [26]. It is important to notice that the 

thermoplasticity of the polymer filament is an essential property for FDM. This property 

allows the filaments to fuse together during printing and subsequently to solidify after 

printing, at room temperature. The main processing parameters that affect the mechanical 

properties of printed parts are the layer thickness, width and orientation of filaments and air 

gap (in the same layer or between layers) [13]. The leading cause of mechanical weakness 

was found to be the inter-layer distortion [27]. FDM benefits of being a low-cost, high speed 

and relatively simple process. However, FDM has some drawbacks such as weak mechanical 

properties, layer-by-layer appearance and sometimes poor surface quality [28]. In addition, 

for this technique there are a limited number of thermoplastic materials [13]. The 

enhancement of the mechanical properties of 3D printed parts was achieved by the 

development of fibre-reinforced composites using FDM [29]. However and regarding this 

last topic, fibre orientation, bonding between the fibre and matrix and void formation are the 

main challenges that arise in 3D printed composite parts [21], [29]. This method has the 

advantage of having the capacity of printing parts in multi-materials [16]. With this, it is 

possible to print parts with complex geometries, where a soluble material like poly(vinyl 
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alcohol) (PVA), with lower mechanical properties is used as a support for said parts. After 

the part has been created, the support material can be easily removed [31], [32]. 

Figure 1.1 shows an illustration of the FDM process. 

 

 

 

1.2. Materials 

AM requires specific materials in order to print parts and components which will suit 

their applications. For certain AM processes, there are specific materials from each class that 

can be used for that process, but there are others which can be used in more than one method.  

 

1.2.1. Metals 

Metal alloys such an Ti alloys, Ni-based superalloys, Al alloys and steels have been 

successfully used in manufacturing through AM processes [34]. Steels account for almost a 

third of all metals made through AM processes, even though they are still mainly fabricated 

through conventional processes, such as casting and machining [35]. Since steel is a 100% 

Figure 1.1. Illustration of the FDM set-up (adapted from [33]).  
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recyclable material, AM can add advantages in the circular economy, through the production 

of high added-value products from recycled powders and the enabling of the reuse of AM 

by-products in new products [36]. Powder bed fusion processes  are the most used methods 

for the AM processing of metals [37]–[40]. Through this method, it is possible to reuse 

powder which has not been melted or sintered, in every swipe. Oxygen content between 

particles increases with every cycle, which in turn increases the oxidation of the powder 

content, which may lead to the manufacture of improper parts and components. This leads 

to the powder being unfit for reusability. Once it cannot be reused, it has to be discarded. 

This can have a negative impact for the environment  [41]. This process may pose health 

hazards as well, through the formation of hazardous gas when processing, if the protective 

atmosphere is not properly calibrated [42]. Exposition to hazardous metallic particles can 

occur through many of the steps required to produce parts through this method, which poses 

a health risk as well, if not properly handled [43]. It also requires a higher output of energy, 

due to the utilization of laser and high-energy methods [44] 

 

1.2.2. Ceramics 

Due to the hardness and brittleness of finished ceramic parts, it is difficult to machine 

them without the introduction of defects and surface microcracks. Furthermore, the cost for 

such processes are high due to the use of diamond abrasives and cutting tools. These usually 

account for more than 70% of total manufacturing costs [45]. Because of this, ceramics are 

produced through dry powder sintering, or through the sintering of a ceramic powder paste 

mixed with bonding agents, or a ceramic suspension. For powder sintering, the two AM 

processes extensively used to manufacture parts are SLM and DED [46]–[48]. Both 

processes require high amounts of energy in order to process the material [44]. The sintering 

of ceramic paste is classified as a “multi-step” AM process. After the formation of the green 

body (ceramic body before sintering [49]), debinding and sintering thermal treatments are 

required in order to achieve the desired final part [48]. Through Inkjet printing it is also 

possible to manufacture ceramic parts [50]–[52].  
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1.2.3. Polymers 

Polymers are a class of materials which are characterized for their high elastic and 

plastic properties. They are categorized as elastomers, fibres, thermoplastics and 

thermosetting. 

Thermoplastics are a class of amorphous or semi-crystalline polymers that soften when 

heated above their glass transition temperature (Tg) and behave like a fluid. This process is 

completely reversible, as there are no bonding alterations at a chemical level [53]. 

Thermoplastics have been widely used in FDM, thanks to its’ ability to produce parts and 

components with a complex geometry, in small environments, such as an office. In FDM 

processing, the spool of plastic filament feeds a heated nozzle. Afterwards, it is mechanically 

extruded as a thin wire with the desired diameter as specified by the nozzle [13], [53]. After 

being extruded, the polymers’ temperature drops, and its’ viscosity increases, which allows 

it to retain the desired shape [53]. 

To properly manufacture parts via FDM with these materials, there are properties which 

must be taken in consideration. For example, the thermoplastic viscosity has to be 

appropriate for the printer head to extrude and form a continuous stream of filament to ensure 

geometrical fidelity, rapid viscosity recovery after extrusion, in order to retain the desired 

shape for that layer and sufficient mechanical strength after being deposited on the printing 

bed of subjacent layer. This is required in order to support the following printed layers, as 

well as to prevent delamination (lack of adhesion between layers), during and after 

printing[53], [54]. The thermoplastic materials should exhibit a shear-thinning behaviour as 

well [53], [55]. Amorphous thermoplastics should be used since their solidification occurs 

at a faster rate, with less degree of shrinkage [56].  

This section will present the polymeric materials which will be studied in this master 

dissertation. The materials which will be studied are neat Thermoplastic Polyurethane 

(TPU), Acrylonitrile Butadiene Styrene (ABS), Poly(Methyl Methacrylate) (PMMA) and 

High Impact Polystyrene (HIPS). 

 

1.2.3.1. Thermoplastic Polyurethane 

TPU is a copolymer with soft and hard segments which form a two-phase microstructure 

[57]. It has a low Tg and is suitable for FDM processing. However, there are some challenges 
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regarding the printing, due to the high viscosity and low Elastic Modulus (E) of it, which 

promotes filament buckling in the nozzle [56], [58]. Still, it is utilized due to the high 

abrasive and chemical resistance, and low price [59]. Through appropriate processing 

conditions, TPU can exhibit shape memory properties. For this effect to occur, the 

recommended temperature for extrusion is the range of 185 and 190ºC, in order to extrude a 

good quality shape memory sample [60].  After the part is printed, heating it to a value above  

Tg, shaping it to a different geometry and lowering the temperature below Tg while holding 

that shape will make it retain the transformed geometry, until it is heated above Tg again 

[61]. This phenomenon expands the use of this material, and the areas in which it can be 

applied. TPU has mechanical properties that of a rubber, but it can be processed as a 

thermoplastic [62]. Xiao et al. [63] state that different printing temperatures promote 

different mechanical properties. For an extrusion temperature of 215 ºC and an orientation 

angle of 45º for printing, its tensile strength and elongation at break had the highest values 

(46.2 MPa and 702%, respectively), which makes these the optimal parameters for printing 

TPU. For an extrusion temperature of 230ºC, the values obtained were inferior, but still 

higher to those of specimens printed at 200 ºC extrusion temperature. It was reported by de 

León et al. [64] that the extrusion of TPU filament from a temperature of 250 ºC caused 

degradation of the material, with the extruded filament turning black.  

 

1.2.3.2. Acrylonitrile Butadiene Styrene 

ABS is a copolymer composed by acrylonitrile-, butadiene- and styrene-containing 

monomers [65]. It is an amorphous thermoplastic with high impact resistance, high heat 

resistance, toughness, and low thermal conductivity.  It can be classified into two types: 

moulding and another for printing [66], [67]. Fernandez-Vicente et al. [68] studied the 

printing of ABS and tested various parameters, including material density and infill pattern. 

The parameters that provide the highest tensile strength were the linear pattern with a 100% 

infill density. Markiz et al. [69] tested different printing directions for ABS specimens. They 

concluded that 0º printing direction increased strength of the specimens by 44.7%. It was 

also concluded that printing direction has no effect on the elastic modulus of the tested 

specimen. Cress et al. [70] tested the effect of multiple-stage recycled ABS on the 

mechanical behaviour and structure of printed specimens. It was found that recycled ABS 
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specimens had inferior performance when compared to virgin specimens. Nevertheless, the 

recycling process had little impact on the filament tensile strength, which indicates that the 

poor mechanical properties of the printed recycled specimens are due to cavities and porosity 

induced during the printing process. These results indicate that the printed parameters were 

not optimized for the specific recycled filament. 

 

1.2.3.3. Poly(methyl Methacrylate) 

PMMA is a clear, lightweight amorphous thermoplastic with high optical transparency, 

high scratch and impact resistance, favourable processing qualities and biocompatible 

properties [71]–[73]. It is referred to as Acrylic Glass. It is an alloplastic which can be used 

in biomedical applications, such as bone grafting [74].  Espalin et al. [75] reported that the 

extrusion temperature of 235 ºC provided the best raster surfaces with minimal material 

residue, while a higher temperature of 270 ºC created rasters with visible wavy surfaces and 

left material residue, which affected the part’s geometry. An extrusion temperature of 225ºC 

created extremely stiff rasters which had low adhesion to a support material. It was also 

stated that transverse orientation printed specimens yielded mechanical properties which 

were more desirable, such as a higher value for compressive strength and modulus, when 

compared to axial orientation printed specimens.   

 

1.2.3.4. High Impact Polystyrene 

HIPS is a low-cost heterophasic thermoplastic which has a high processability, and 

presents high impact strength and low tensile strength [76], [77]. It is obtained from the 

radical polymerization of an homogenous solution containing polystyrene and polybutadiene 

(PB) copolymer [78]. Kaveh et-al.[79] analysed three printing temperatures, in order to cover 

the recommended range of extrusion and to obtain the optimal extrusion temperature. For 

the studied temperatures of 210, 220 and 230 ºC, an extrusion temperature of 210 ºC was 

selected as the optimal temperature, as a temperature of 220 ºC showed reduced precision in 

the print, and a temperature of 230 ºC promoted the appearance of internal cavities (air 

bubbles in the filament).  
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1.3. Multi-material 3D Printing 

In recent years, multi-material polymer parts manufacturing through FDM has caught 

the attention of both the industry and academic community [77]. With multi-material FDM, 

it is possible to enhance the mechanical properties, improve printing performance and enable 

new functionalities for the printed parts and components [80]. Through different 

arrangements and combinations of polymers, it is possible to achieve said objectives for 

customized products [81]. Multi-material 3D printing can be applied to 4D structures to 

provide specific shapes, properties and functionalities [82]. It is also possible to print with 

multiple colours – multi-colour FDM. While not engaging in any of the advantages of multi-

material FDM, since the filaments used are composed from the same material with different 

colours, it is a viable low-cost process to create visual models and parts where it is important 

to emphasize  different sections or areas in them [83]. The applications for these are not the 

same for multi-material FDM. 

 

1.3.1. Sandwich structure  

Usually, sandwich structured composites include a lighter and softer core material, with 

the outer portions (skins) being printed in a higher-strength material [84]. Figure 1.2 shows 

an example of a printed sandwich structure multi-material specimen.  

 

 

Figure 1.2. Example of a printed sandwich structure multi-material specimen (adapted from  [88]). 
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The core can provide the part or component with flexural stiffness, out-of-plane 

shear and compressive strength, while the outer portions (skins) bear most of the bending 

and in-plane loads that take place. The performance of the structure depends on the 

properties of the skins and the core, the adhesion between them and the geometry of the final 

part [85]. The printing parameters must be optimized in order to promote the maximal 

adhesion between the different materials. These parameters have a great influence on the 

mechanical properties of the final part as well. To maximize the value for Young’s Modulus 

and stiffness, the printed layers should be oriented along the loading line, and in order to 

promote the best performance in strength, stiffness and ductility, the building orientation 

should be on-edge [86], [87]. Lopez et al. [77] evaluated the tensile properties of different 

material combinations of sandwich structures produced through FDM. The materials which 

were tested were: PLA (Polylactic Acid), ABS and HIPS, in different combinations. It was 

found that the combination which showed the best testing result was the combination of ABS 

core and PLA skins. It was concluded that sandwich structures applied to 3D printing can 

bring out the properties of two different materials in the same produced part. Singh et al. 

[76] evaluated the tensile properties of specimens composed of different combinations of 

PLA, HIPS and ABS. It was observed that, while HIPS had the lowest peak strength of all 

materials tested, when printed as a multi-material specimen with equal parts of PLA and 

ABS there was an improvement in the tensile strength (from 27.4 kg m2⁄  to 28.81 kg m2⁄ ).   

It was found that multi-material printing through FDM of various thermoplastics is possible 

and can lead to the improvement of the mechanical properties of printed parts. Brischetto et 

al. [88] studied the mechanical behaviour of polymeric sandwich specimens with 

honeycomb cores. For this study, specimens were fully printed with a single material, with 

different printing patterns for distinct parts of the specimen, and multi-material printer, with 

distinct materials for the core and skins. Specimens were printed with PLA and ABS. The 

skins were printed using a linear pattern, while the core of the specimen was printed either 

with a honeycomb infill configuration or a linear infill configuration.  When utilizing two 

different extruders to print a PLA core with hexagonal infill and ABS skins, lower 

performances for the elastic modulus were observed. This happened due to bad adherence 

between the skins and the core, because of the materials used (ABS, PLA) and the utilization 

of two extruders to print the subsequent three layers. This effect was minorized through the 

alteration of the PLA core, through the use of a homogenous 100% linear infill PLA core in 
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place of the hexagonal infill PLA core, when ABS skins are utilized, to promote a greater 

adhesion between the different materials. It was suggested that the transition between the 

first and second extruder allowed for the previously printed layer to have an early cooling, 

which compromised the adherence of the following layer.  

In this work, TPU will be used as the core of the specimens, while ABS, HIPS, and 

PMMA will be used as skins. 

 

1.4. Mouthguard Production through 3D Printing 

Previous works have been done to study the possibility of producing mouthguards for 

athletes through FDM with materials other than EVA. This approach would enable the 

production of fully customizable devices while guaranteeing the comfort of the wearer 

through the reduction of the device’s thickness to 2 mm. 

A previous work [89] concluded that to promote comfort for the wearer while 

guaranteeing the best mechanical properties for the mouthguard, multi-material printing 

might be the answer. This work continues that study through the mechanical testing of mono-

material and multi-material specimens, non-aged and that have been aged in an artificial 

saliva solution, as suggested. 
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2. EXPERIMENTAL PROCEDURE 

 

2.1. Materials 

In the present work, different polymeric materials were utilized and studied. The 

materials were commercially purchased and used without further modifications: 

Acrylonitrile Butadiene Styrene and High Impact Polystyrene provided by DoWire®, 

Seixal, Portugal; Thermoplastic Polyurethane and Poly (Methyl Methacrylate) provided by 

TreeD Filaments™, Seregno, Italy. The filaments presented a diameter of 1.75±0.03 mm. 

The characterization of the filaments was made, presented, and discussed in previous 

works.  

The filaments were chemically characterized by Fourier Transform Infrared 

Spectroscopy (FTIR), Thermogravimetric Analysis (TGA) and Differential Scanning 

Calorimetry (DSC) were used for the thermal characterization. The mechanical properties 

were determined by Tensile Testing. FTIR identifies functional chemical groups of 

polymeric materials  [90]. TGA analyses the thermal stability of a material by evaluating the 

variation of mass with temperature [91]. Differential Scanning Calorimetry determines the 

heat flux difference between the material and a reference material, during a controlled 

temperature program with pre-defined heating and cooling rates. From the obtained results 

it is possible to determine the thermal events of the polymeric filaments [91]. Tensile testing 

subjects a sample with an increased controlled load, in order to observe the capacity of the 

material to resist to the imposed solicitation [92]. 

 

2.2. Processing by 3D Printing 

All the printed specimens were processed in a FlashForgeTM Creator 3 3D printer 

with a dual extruder system, each one is coupled with a single nozzle with a diameter 0.4 

mm.  



 

 

Influence of artificial saliva on the mechanical properties of sandwich structures processed through additive 
manufacturing   

 

 

16  2021 

 

The printing parameters for each material are presented on Table 2.1. A layer height 

of 0.18 mm was kept constant for all the printed specimens. 100% LIN specimens were 

printed with an orientation angle of +45º/−45º. 

 

Table 2.1. Printing parameters for the different studied specimens. 

Material Infill Pattern 
Printing 

Temp (ºC) 

Bed Temp 

(ºC) 

Speed 

(mm/s) 

ABS 

15% 3D 

220 110 50 15% HEX 

100% LIN  

HIPS 

15% 3D 

220 110 50 15% HEX 

100% LIN  

PMMA 

15% 3D 

220 110 50 15% HEX  

100% LIN  

TPU 100% LIN 220 110 15 

ABS-TPU  100% LIN 220 110 15 

HIPS-TPU 100% LIN 220 110 15 

PMMA-TPU 100% LIN 220 110 15 

 

 

2.3. Characterization of specimens after printing 

All the characterization tests were performed in order to have at least 5 valid tests 

for each type of printed sample. Considering that the characterizations were made before and 

after the aging process in artificial saliva, the next sub-section describes the aging procedure. 
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2.3.1. Aging test in artificial saliva 

Artificial aging is a process in which a specimen is put into a specific environment 

with controlled conditions, for a determined period of time, in order to assess the impact of 

such environment on the properties. In the present wok, the effect of the aging test was 

evaluated in the mechanical properties [93].  

In the aging process, the printed specimens were stored inside individual Falcon® 

Graduated tubes which contained 12 mL of artificial saliva solution. The chemical 

composition of this solution is: 800 mL of distilled water (H2O), 0.426 g of di-sodium 

hydrogen phosphate (Na2HPO4), 1.68 g of sodium bicarbonate (NaHCO3), 0.147 g of 

calcium chloride (CaCl2) and 2.5 mL of hydrochloric acid, 1M.  

The Falcon® tubes were left inside a ThermoShaker (Incubator Shaker THO 500/1 

from Gerhardt) for 14 days, at a constant temperature of 37ºC and 100 rotations per minute 

(rpm), to make sure every surface of the printed specimens would be in contact with the 

solution. 

The 14 days are equivalent to the number of hours that an athlete will use the 

mouthguard for 1 hour per day during a period of one year (336 hours), and the 37ºC is the 

average human body temperature. 

 

2.3.2. Three-point Bending test 

The 3PB test starts with the setting of the appropriate span between the supports 

where the specimen to test will be placed on. In this work the span was determined through 

the application of the standard ASTM D790 [94], considering the thickness of the printed 

specimens, as represented on Figure 2.1. 

 

Figure 2.1. Three-point bending test, according to ASTM D790 (adapted from [114]). 
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The specimen is deformed through an applied load (P) until the maximum load is 

reached, or until fracture occurs [95]. The results are given as a load/displacement curve. It 

is possible to calculate the bending stress (σ) for a specific displacement or the maximum 

bending stress (σMAX) for the tested specimen, as well as the bending elastic modulus (E) of 

the material [96].  

Figure 2.2 presents the geometry and dimensions of the printed specimens according 

to standard ASTM D790 [94]. 

 

 

Table A.1 of Appendix A presents the mean dimensions for printed specimens for 

3PB testing. 

The testing equipment which was used was a Shimadzu model Autograph AGS-X, 

with a 5 kN load cell and a displacement rate of 2 mm/minute. The results obtained were 

collected by the software Trapezium X. 

 

2.3.3. Transverse Impact test 

The Transverse Impact test or Charpy test is a destructive test which allows the 

determination of the resistance of a material to an impact [97]. When the pendulum is 

released from its support, which is at a pre-determined height, it transfers the kinetic energy 

to the specimens. These are placed on two lateral supports, properly centred, allowing the 

pendulum to hit the geometric centre of the sample [98]. A transverse impact testing 

equipment with a Charpy pendulum is represented in Figure 2.3. 

Figure 2.2. Geometry of printed specimens for 3PB testing, according to the standard ASTM 
D790. (adapted from [89]). 
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Figure 2.3. Transverse impact testing equipment with a Charpy pendulum (adapted from [98]). 

 

The test measures the resilience of the material and the amount of energy absorbed 

during impact [99]. Resilience is commonly defined as the capacity of the material to absorb 

the energy and is calculated through the total energy transferred and the area of the section 

of the tested specimen [100]. The absorbed energy is measured in the percentage of the total 

energy and is determined as the difference between total impact energy applied by the 

pendulum and the dissipated energy. As expected, the lower the dissipated energy, the higher 

the absorbed energy on the impact zone, which in turn will amplify the negative effect on 

the structural integrity of the tested sample [99].  

Specimens were printed with the dimensions according to the standard Charpy ISO 179 

[101], with 80 mm in length and 10 mm width, as well as 2 mm thickness. A notch in the 

shape of a “V” was also included in the geometry of every tested specimen, as shown in 

Figure 2.4.  Table A.2 in Appendix A presents the mean values for the dimensions of these 

specimens. 
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The tests were performed in an Instron Ceast 9050 equipment, with an impact 

pendulum of 5 J, positioned at an angle of 150º. 

 

 

2.3.4. Macroscopic Analysis 

To evaluate the morphology of the damage which had been done on every type of 

printed specimen subject to the impact tests, a macroscopic analysis was made. The 

evaluation used Carl ZEISS model Stemi 2000-c equipment, with a magnification factor of 

5 times. A digital camera CANON, model POWERSHOT G5, with a magnification factor 

of up to 16 times was used for the macrographs acquisition. 

 

Figure 2.4. Geometry and dimensions of the specimens for the transverse impact test, according to 
the standard Charpy ISO179 (adapted from [89]). 



 

 

 Analysis and Discussion of Results 

 

 

Guilherme da Costa Gomes Rodrigues Catela  21 

 

3. ANALYSIS AND DISCUSSION OF RESULTS 

 

3.1. Results from previous works 

As previously stated, this work continues the previous studies which have been made 

into the production of mouthguards through means of FDM. As so, the filaments used to 

produce the specimens which were tested in this work were characterized by previous 

authors.  

Previous MSc students  characterized the HIPS, PMMA and TPU filaments [89] as 

well as the ABS filament [102]. They have concluded, through FTIR characterization, that 

the presence of additives on the filament did not influence the global chemical composition 

of each polymeric material. The TGA evaluation showed that all filaments were thermally 

stable up to a temperature of 332ºC. The DSC results indicated that all filaments were 

amorphous, and the respective Tg values are listed in Table 3.1. 

 

Table 3.1. Values for glass-transition temperatures obtained from previous works. 

Filament Tg(ºC) 

ABS 110.7 

HIPS 99.0 

PMMA 113.5 

TPU 
-21.4 

66.9 

 

 

TPU presented two Tg values. This fact is  consequence of TPU being composed of 

soft segments of poliol-diisocyanate in long chains and hard segments formed in the borders 

between diisocyanates and small chains of polyol [59]. 
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3.2. Saliva-induced aging 

The dimensions of the specimens were measured before and after the ageing tests. 

This was done in order to understand if the geometry of the printed specimens would change 

with the moist environment during use, indicating the absorption of saliva. The variation of 

the dimensions of the printed specimens could jeopardize the efforts of producing a 

mouthguard that would be the most comfortable for the athlete, as well as compromise the 

retention of the device.  

Both mono and sandwich structure printed specimens were measured before and after 

the aging process. Table 3.2 shows the dimensions and variation in the specimens for the 

3PB test. Table 3.3 lists the results for the specimens printed for the impact test. 

The obtained results show no significant variation of the dimensions due to the 

immersion in artificial saliva. 

This confirms that all thermoplastic used in this work are hydrophobic, as expected 

[89], [103]–[106]. This is an important factor to take in consideration since the accumulation 

of saliva on the mouthguard could also lead to the proliferation of bacteria onto the device. 
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Table 3.2. Mean average and standard deviation values of the dimensions of the printed specimens for the 
3PB tests, before and after the aging process. 

Material Infill  

Length (mm) Width (mm) Depth (mm) 

Before After Before After Before After 

ABS 

15% 3D 59.7* 59.7* 9.9* 9.9* 2.2* 2.1* 

15% 

HEX 
59.8* 59.7* 9.9* 9.9* 2.2* 2.1* 

100% 

LIN 
59.8* 59.9* 10.0* 10.0* 2.1* 2.1* 

HIPS 

15% 3D 
59.7 ± 

0.1 

59.6 ± 

0.1 
9.9* 9.9* 2.1* 2.1* 

15% 

HEX 
59.7* 59.6* 

9.9 ± 

0.1 
9.9* 2.0* 2.0* 

100% 

LIN 
59.8* 

59.7 ± 

0.1 

9.8 ± 

0.4 
10.0* 2.1* 2.1* 

PMMA 

15% 3D 59.8* 
60.0 ± 

0.1 
10.0* 10.0* 2.1* 2.1* 

15% 

HEX 
59.7* 59.9* 10.0* 10.0* 2.1* 2.1* 

100% 

LIN 
59.9* 

60.2 ± 

0.1 
10.2* 10.2* 2.1* 2.1* 

TPU 
100% 

LIN 

59.9 ± 

0.2 

60.2 ± 

0.1 

10.4 ± 

0.2 

10.4 ± 

0.2 

2.1 ± 

0.2 

2.1 ± 

0.2 

ABS-TPU 
100% 

LIN 

60.3 ± 

0.1 

60.3 

±0.1 

10.4 ± 

0.1 

10.4 ± 

0.1 

2.4 ± 

0.1 

2.4 ± 

0.1 

HIPS-TPU 
100% 

LIN 

60.3 ± 

0.1 

60.2 ± 

0.1 

10.4 ± 

0.1 

10.3 ± 

0.1 
2.3* 2.4* 

PMMA-TPU 
100% 

LIN 

60.1 ± 

0.1 

60.3 ± 

0.1 

10.4 ± 

0.1 

10.4 ± 

0.1 
2.5* 2.5* 

*Values with standard deviation of 0.0  



 

 

Influence of artificial saliva on the mechanical properties of sandwich structures processed through additive 
manufacturing   

 

 

24  2021 

 

Table 3.3. Mean average and standard deviation values of the dimensions of the printed specimens for the 
impact tests, before and after the ageing process. 

Material Infill 
Length (mm) Width (mm) Depth (mm) 

Before After Before After Before After 

ABS 

15% 3D 
79.5 ± 

0.1 
79.8* 9.9* 9.9* 2.1* 2.1* 

15% 

HEX 
79.5* 79.6* 9.8* 9.9* 2.0* 2.0* 

100% 

LIN 

79.5 ± 

0.1 

79.6 ± 

0.1 
9.9* 9.9* 2.1* 2.1* 

HIPS 

15% 3D 
79.5 ± 

0.1 
79.4* 

9.9 ± 

0.1 
9.9* 2.0* 2.0* 

15% 

HEX 
79.5* 79.4* 9.9* 9.9* 2.1* 2.1* 

100% 

LIN 

79.6 ± 

0.1 
79.5* 9.9* 9.9* 2.1* 2.1* 

PMMA 

15% 3D 
79.6 ± 

0.1 
79.8* 10.0* 10.0* 2.1* 2.1* 

15% 

HEX 
79.6* 79.8* 10.0* 10.0* 2.1* 2.1* 

100% 

LIN 

79.8 ± 

0.1 

80.0 ± 

0.1 

10.1 ± 

0.1 

10.1 ± 

0.1 
2.1* 2.1* 

TPU 
100% 

LIN 

80.2 ± 

0.1 

80.3 ± 

0.1 

10.5 ± 

0.3 

10.6 ± 

0.1 

2.1 ± 

0.1 

2.2 ± 

0.2 

ABS-TPU 
100% 

LIN 

84.0 ± 

0.1 
84.1* 10.7* 10.8* 2.4* 2.4* 

HIPS-TPU 
100% 

LIN 

84.0 ± 

0.1 

84.0 ± 

0.1 
10.8* 10.8* 2.4* 2.4* 

PMMA-TPU 
100% 

LIN 

84.1 ± 

0.1 

84.3 ± 

0.2 

10.9 ± 

0.1 

10.9 ± 

0.1 
2.5* 2.5* 

 *Values with standard deviation of 0.0 



 

 

 Analysis and Discussion of Results 

 

 

Guilherme da Costa Gomes Rodrigues Catela  25 

 

3.3. Mechanical Properties of Mono-materials 

 

3.3.1. Three-point bending test 

 

Three-point Bending testing was done, in order to determine the maximum value for 

the bending stress (σ), as well as the bending elastic modulus (E). As previously stated, 

different materials and patterns for the infill were tested, to characterize them as printed and 

after the ageing test, but also to have the knowledge of the behaviour of each material in 

order to understand results of the sandwich structures.  

Specimens which were aged in saliva were kept inside the aging solution and 

removed from it right before testing, to ensure they would stay soaked in artificial saliva 

until testing. Cumings et al. [107] states that the rigidity of the material is a property to 

consider when manufacturing mouthguards, since a material which is more rigid (higher 

value for E) has a higher probability to distribute resulting stress from impact and, as a 

consequence, reduce stress applied to the tooth-bone interface. 

The maximum value for the bending stress (σ) in the transverse section was obtained 

through the maximum load value (P), the specimen’s thickness (h) and width (b), and the 

span between the supports in which the specimen would be laid to (L), according to Equation 

(1) [94]. 

 

𝝈 =  
𝟑 ∙ 𝑷 ∙ 𝑳

𝟐 ∙ 𝒃 ∙ 𝒉𝟐
 (1) 

 

Figure 3.1 shows the stress-displacement curves for ABS, HIPS and PMMA, with 

different infill patterns and aging situations, for a span of 40 mm. 
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The bending elastic modulus (E) was obtained through the slope of the initial part of 

the stress-displacement curve. It was obtained from the load interval in the linear segment 

of the stress-displacement curve (𝛥𝑃), the displacement in the linear segment of the curve 

(𝛥𝜇) and the moment of inertia of the specimen (I), according to Equation (2) [94]. 

 

𝑬 =  
𝜟𝑷 ∙ 𝑳𝟑

𝟒𝟖 ∙ 𝜟𝝁 ∙ 𝑰
  (2) 

 

The values for σ and E were determined, both for every material and configuration, 

and the results are presented in Figure 3.2 and Figure 3.3, respectively.  

Figure 3.1. Stress-displacement representative curves for the printed mono-material specimens. 



 

 

 Analysis and Discussion of Results 

 

 

Guilherme da Costa Gomes Rodrigues Catela  27 

 

 

Figure 3.2. Maximum bending stress values of the mono-material printed specimens. Values are presented 
as mean ± standard deviation. 

Figure 3.3. Bending elastic modulus of the mono-material printed specimens. Values are presented as mean 
± standard deviation. 
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Overall, considering all the tested materials, it can be stated that the 100% linear infill 

pattern presents the best mechanical properties, either when tested as printed or after the 

ageing tests. 

Considering the results from each material, ABS specimens with 100% linear infill 

pattern presented the highest values of σ and E. This pattern allowed the samples to deform 

plastically, with no fracture at the macroscopic scale, while most of the specimens printed 

with 15% 3D infill pattern and 15% hexagonal pattern fractured and delaminated in the outer 

layers. The process of ageing in artificial saliva had little or no impact on the mechanical 

behaviour of printed specimens. 

PMMA printed specimens present lower values of σ than those of ABS, and the 

lowest values of E for all the tested specimens, independent from the infill pattern. 15% 3D 

and 15% hexagonal infill patterns promoted the fracture and delamination of the outer layers. 

Delamination was also observed in the specimens printed with a 100% linear infill pattern 

even though they did not present any fracture. The artificial saliva aging process had a higher 

impact on the mechanical behaviour of specimens printed with PMMA when compared to 

specimens printed in ABS. This fact is evident in the lower σ value and the increase in E 

(with the exception for 15% hexagonal infill pattern). This can be explained by the fact of 

the solution having different chemical compounds, which might have combined chemically 

with the polymeric chains from the specimens, originating new chemical chains. Even 

though the polymeric materials are hydrophobic, they can still absorb those chemical 

compounds present in the saliva solution, in areas in contact with it. It is most likely that the 

chemical absorption has occurred only in the outer layers of the printed specimens, which 

means that, globally, this reticulation was not enough to enhance the bending stress. 

The specimens printed in HIPS presented the lowest values of σ, independently of 

the infill pattern. Still, the highest values for this material were observed in the specimens 

printed with 100% linear infill. Aging in artificial saliva had a positive impact on the 

maximum values for the bending stress, with the exception of specimens printed with a 15% 

3D infill pattern, while the E values remained generally unchanged. Specimens printed with 

this polymeric material were the only that did not present fracture after plastic deformation, 

by the end of the test. 

TPU specimens were printed after the testing of other specimens, hence only 100% 

linear infill pattern was tested. This was done in order to save time, as the process of printing 
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TPU requires lower speeds, and printing different infill patters would be unnecessarily time-

consuming. In the previous work [89], non-aged TPU specimens with 100% linear infill 

pattern were characterized. The values for the maximum bending stress for printed TPU 

specimens were not possible to calculate and the presented values are the ones recorded at 

the end of the test. Still, it is possible to state that the elastic modulus for TPU specimens is 

the lowest, when compared to the other materials, as reported in the literature [108]. The 

aging process had no influence in the mechanical properties of specimens printed in TPU. 

In Table B.1 of Appendix B it is possible to observe the mean values obtained for 

mono-material specimens by the 3PB tests.  

 

3.3.2. Transverse Impact test 

 

According to the standard ASTM F697-16 and ADA (American Dental Association), 

mouthguards must be manufactured with resilient materials, in order to minimize damage to 

the teeth and surrounding areas, especially in contact-heavy sports [109]–[112]. The capacity 

to absorb, dissipate and distribute energy during the physical activity must be optimized in 

order for the devices to fulfil their objectives [113].  

 The Transverse Impact tests were performed to evaluate the suitability of the studied 

materials for the presented requirements. Figure 3.4 indicates the mean average resilience 

values obtained through Transverse Impact testing and Figure 3.5 shows the mean average 

values for the absorbed energy. 
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Figure 3.4. Resilience of the mono-material printed specimens. Values are presented as mean ± standard 
deviation. 

Figure 3.5. Mean average value of the absorbed energy for the printed mono-material. Values are 
presented as mean ± standard deviation. 
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The infill pattern which provides the specimens with the highest resilience values 

and the highest percentage of absorbed energy is the 100% linear pattern, while 15% 

hexagonal and 15% 3D infill patterns show practically similar results. These results can be 

explained due the amount of material used to produce these samples (100% against 15%). 

However, higher absorbed energy suggests that the dissipated energy will be lower, which 

might induce localized fractures (Appendix D). 

Generally, it can be stated that the aging process in artificial saliva had no significant 

impact on the mechanical behaviour of the printed specimens other than that of 100% linear 

infill pattern ABS. For this material, the resilience for aged specimens decreased by 28.7%, 

and the energy absorbed by 34.4%, as a consequence of probable chemical reaction 

originating between the chemical compounds present in the solution and the polymeric 

chains of the printed specimen.  

The partial conclusion of the characterization made for the printed mono-materials is 

that, except for the ABS, the aging process did not significantly change the mechanical 

properties of each material. For ABS, it seems that the artificial saliva solution acted as a 

plasticizer decreasing both σ and E values. However, in this case, the plasticizing effect must 

be mainly occurring only on the outer shell of the printed specimens, as all the materials are 

hydrophobic. This characteristic implies that the chemical compounds present in the saliva 

solution are not able to be absorbed by the polymer and therefore do not reach the inside of 

the printed material. 

In Table C.1 of Appendix C it is possible to observe the mean values obtained from 

mono-material specimens by Transverse Impact tests.  

Considering that the optimal set of properties should include high values of σ, E and 

resilience with low values of absorbed energy, the next step was to combine each one of the 

three materials with TPU. 

 

3.4. Mechanical Properties of Multi-materials 

Through multi-material printing it is possible to produce parts and devices from 

materials with different properties, which will result in printed specimens with different 
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properties. Lopez et al. [77] state that the type of material combination results in different 

properties being affected. 

In this work, the printing configuration chosen to test was the sandwich 

configuration, in which TPU will be used as the core for every specimen, as schematically 

represented in figure 3.6. The overall thickness was 2mm and the 100% infill was chosen 

for all 3 layers of each printed specimen. 

 

3.4.1. Three-point bending test 

As for the 3PB tests for the mono materials, through the application of the Equations 

(1) and (2), it was possible to obtain the maximum value for σ and for E. Figure 3.7 shows 

the representative stress-displacement curves, for each printed sandwich specimen. 

Figure 3.6. Schematic representation of the sandwich structures printed in multi-materials. 
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The results obtained from these tests are displayed Figure 3.8 for the maximum 

bending stress, and in Figure 3.9 for the elastic modulus. 

 

 

 

 

 

Figure 3.7. Stress-displacement representative curves for the printed sandwich specimens. 

Figure 3.8. Maximum bending stress values for the printed sandwich specimens. Values are presented as 
mean ± standard deviation. 
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The inclusion of TPU in the sandwich structures resulted in a decrease of the values 

of σ and E, for both the as printed and aged specimens and for all the tested materials. This 

is an expected result because 1/3 of the overall volume of the specimen is composed of TPU, 

a polymer with very low values for the tested mechanical properties. Moreover,  as stated by 

Brischetto et al. [88], bad adhesion can be observed occasionally with some material 

combinations, which will have an impact in the results. In fact, during testing, the core and 

skins of some of the multi-materials were completely separated.  

Nevertheless, it must be highlighted the fact that ageing tests presented no effect in 

the multi-material specimens, in opposition to what happened in the mono-material 

specimens. The reason can be due to the presence of TPU as well, which, as mono-material, 

showed a more homogeneous mechanical behaviour in the presence of the artificial saliva. 

These results are very important, as they indicate that the overall performance of the 

mouthguard will be maintained, independently of the number of times that the device is used 

by the athlete. Table B.1 of Appendix B presents the mean values obtained for multi-material 

specimens by the 3PB tests.  

 

 

Figure 3.9. Bending elastic modulus for the printed sandwich specimens. Values presented as mean average ± 
standard deviation 
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3.4.2. Transverse impact test 

 

The resilience of each type of multi-material structure tested is presented in Figure 

3.10 and Figure 3.11 shows the absorbed energy values for the same specimens.  

 

 

 

Figure 3.10. Mean average value of the resilience for the multi-material sandwich structures. Values are 
presented as mean ± standard deviation. 

Figure 3.11. Mean average value of the absorbed energy for the printed multi-material sandwich structures. 
Values are presented as mean ± standard deviation.  
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The inclusion of TPU in the multi-material sandwich structures resulted, overall, in 

a stabilization of the values observed before and after the ageing process, for all materials, 

which is a very significant result as explained before. 

Considering the standard deviations (maximum and minimal values) of the obtained 

results of the resilience and absorbed energy it can be observed that no significant differences 

exist between the mono and multi-materials, with a tendency for a slight increase in the 

evaluated properties for multi-material specimens. 

The only exception that is worth mentioning is the ABS-TPU-ABS sandwich 

structure. In this case a more significant increase in the mean values was observed. In fact, 

the increase of the resilience and absorbed energy of the tested specimens after the ageing 

process increased by 11% when compared to the results of the mono-material. This indicates 

that some physico-chemical cross-linking between the chemical compounds of the artificial 

saliva solution and the ABS polymer could have occurred. If this is the case, a very particular 

type of cross-linking had to occur because the values of σ and E decreased for the multi-

material sandwich structures after the ageing process, indicating that a normal cross-linking 

process did not occur. 

Table C.1 of Appendix C presents the mean values obtained from multi-material 

specimens by Transverse Impact tests.  
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CONCLUSIONS 

 

In this work, the mechanical properties of four printed mono-material polymeric 

specimens (ABS, HIPS, PMMA, TPU) were tested, with different infill patterns, as-printed 

and after aged in artificial saliva. These studies were conducted in order to understand which 

infill pattern would produce the best results for the mechanical properties and if the materials 

utilized in the printing process would be influenced by the presence of the artificial saliva 

solution, as to justify any disparity in results that could have appeared in the multi-material 

specimen test results.  

It can be concluded that the presence of saliva had an impact on some of the printed 

mono-materials. The resilience and the absorbed energy (%) of 100% LIN ABS specimens 

decreased while remaining generally unchanged for other infill configurations. For 100% 

LIN PMMA specimens, σ decreased, and E increased, while for other infill configurations, 

they remained unchanged. Nonetheless, it was concluded that the infill pattern which could 

provide the best results for the sandwich structure would be 100%LIN, as they had the 

highest values for σ, E, and resilience, for all materials tested. Therefore, every sandwich 

specimen was printed with a 100% LIN, both skins and TPU core. 

As previous works suggested, multi-material printing would be the best choice 

regarding the needs of the mouthguard. The mechanical properties of printed multi-material 

specimens were tested in non-aged and aged in artificial saliva situations as well. It can be 

concluded that they were not affected by the aging process globally, probably due to the 

presence of TPU. There was no significant variation in the mechanical properties before and 

after the aging process, as TPU functioned as a stabilizer for them. The impact is not as 

devastating since TPU composes 1/3 of the total volume of every specimen, and it was shown 

that TPU was not affected by the aging process.  

Combining TPU with other materials negatively affected the bending properties of 

printed specimens, as expected, since it has very low values for these properties. Still, it was 

possible to reach superior results. The materials combination which presented the best 

bending properties were ABS-TPU-ABS and PMMA-TPU-PMMA specimens, as these 

present the highest values for σ while having similar results for E, even though the first 
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combination has a higher rigidity before the aging process. It is essential to state that there 

were some adherence problems in aged HIPS-TPU-HIPS specimens, as different material 

layers were separated during 3PB testing.  

Through transverse impact testing, it was possible to acknowledge that TPU slightly 

improved the mechanical properties of the printed specimens while decreasing the variation 

in the results from each test performed (decreased standard deviations values for each sample 

of tested specimens). The material combination which presented the best results was ABS-

TPU-ABS. While presenting the highest absorbed energy value, it also presented the highest 

resilience of all material combinations, one of the requirements for mouthguard integrity. 

The results for both aged and non-aged HIPS-TPU-HIPS and PMMA-TPU-PMMA 

specimens were very similar. 

Overall, it is possible to conclude that the combination of materials that would suit 

the needs of the athlete, according to all the requirements exposed in this work, is ABS-TPU-

ABS.  

Further investigation can be made regarding the printing of a functioning mouthguard 

through FDM. The optimization of the mechanical properties of the mouthguard can be 

further investigated, for example, by changing some of the printed parameters, such as the 

infill design. 
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APPENDIX A – GEOMETRY OF PRINTED SPECIMENS 
FOR TESTING  

  

 

Table A. 1. Mean average values and standard deviation of the geometry of printed specimens for the 3PB 

test. 

Material Infill  
Length  

(mm) 

Width  

(mm) 

Depth 

 (mm) 

ABS 

15% 3D 59.7* 9.9 ± 0.1 2.1* 

15% HEX 59.7 ± 0.1 9.9* 2.2* 

100% LIN 59.9 ± 0.1 10.0* 2.1* 

HIPS 

15% 3D 59.7 ± 0.1 9.9* 2.1* 

15% HEX 59.7* 9.9* 2.0* 

100% LIN 59.7* 10.0* 2.1* 

PMMA 

15% 3D 59.8* 9.9* 2.1* 

15% HEX 59.7* 9.9* 2.2 ± 0.1 

100% LIN 59.9* 10.1* 2.2* 

TPU 100% LIN 60.0 ± 0.2 10.4 ± 0.2 2.1 ± 0.2 

ABS-TPU 100% LIN 60.3 ± 0.1 10.3 ± 0.1 2.4 ±* 

HIPS-TPU 100% LIN 60.3 ± 0.1 10.4* 2.5 ±* 

PMMA-TPU 100% LIN 60.2 ± 0.1 10.3* 2.4 ±* 

* Values with standard deviation of 0.0 
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Table A. 2. Mean average values and standard deviation of the geometry of printed specimens for the 
transverse impact test. 

Material Infill 
Length  

(mm) 

Width  

(mm) 

Depth  

(mm) 

ABS 

15% 3D 79.6 ± 0.1 9.9* 2.1* 

15% HEX 79.5* 9.9* 2.0* 

100% LIN 79.6* 9.9* 2.1* 

HIPS 

15% 3D 79.5 ± 0.1 9.9* 2.0* 

15% HEX 79.5 ± 0.1 9.9* 2.1* 

100% LIN 79.5* 9.9* 2.1* 

PMMA 

15% 3D 79.6* 9.9* 2.0* 

15% HEX 79.6* 10.0* 2.0* 

100% LIN 79.8* 10.2 ± 0.1 2.2* 

TPU 100% LIN 80.2 ± 0.1 10.5 ± 0.3 2.1 ± 0.1 

ABS-TPU 100% LIN 84.1 ± 0.1 10.8* 2.4* 

HIPS-TPU 100% LIN 84.2 ± 0.2 11.0 ± 0.1 2.5* 

PMMA-TPU 100% LIN 84.0 ± 0.1 10.8 ± 0.1 2.4* 

* Values with standard deviation of 0.0 

 

 

 

 

 



 

 

  Appendix B 

 

 

Guilherme da Costa Gomes Rodrigues Catela  53 

 

 

APPENDIX B – 3 POINT BENDING TEST  

 
Table B. 1. Mean average values and standard deviation of the results from 3PB testing. 

Specimen Infill Aging 
σ 

(MPa) 

E 

(GPa) 

ABS 

15% 3D 
Aged 26.5 ± 1.2 0.9* 

Non-aged 25.8 ± 1.0 0.9* 

15% HEX 
Aged 26.0 ± 1.2 1.0* 

Non-aged 26.6 ± 1.8 0.9* 

100% LIN 
Aged 44.5 ± 0.6 1.3 ± 0.1 

Non-aged 45.6 ± 0.5 1.3 ± 0.1 

HIPS 

15% 3D 
Aged 5.9 ± 0.6 0.8* 

Non-aged 9.5 ± 0.5 0.8 ± 0.1 

15% HEX 
Aged 15.8 ± 1.1 1.0* 

Non-aged 11.4 ± 0.5 1.0 ± 0.1 

100% LIN 
Aged 21.1 ± 1.3 1.2 ± 0.1 

Non-aged 17.8 ± 0.3 1.2 ± 0.1 

PMMA 

15% 3D 
Aged 20.2 ± 2.7 0.8* 

Non-aged 25.4 ± 0.7 0.6* 

15% HEX 
Aged 23.5 ± 3.9 0.8 ± 0.1 

Non-aged 23.0 ± 5.0 0.6 ± 0.2 

100% LIN 
Aged 32.4 ± 2.1 1.0 ± 0.1 

Non-aged 37.7 ± 1.2 0.9 ± 0.1 

TPU 100% LIN 
Aged 1.3 ± 0.4** 25.4 MPa 

Non-aged1 1.05 ± 0.2 18 MPa 

ABS-TPU 100% LIN 
Aged 29.5 ± 1.4 0.6* 

Non-aged 31.0 ± 0.6 0.8 ± 0.1 

HIPS-TPU 100% LIN 
Aged 13.4 ± 1.9 0.7 ± 0.1 

Non-aged 15.4 ± 0.9 0.7* 

PMMA-TPU 100% LIN 
Aged 21.6 ± 0.5 0.5* 

Non-aged 28.8 ± 1.8 0.6* 

σ – Bending Stress; E – Bending Elastic Modulus; *values with standard deviation of 0.0; 

**stress at the end of the test; 1 – results from previous works. 
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APPENDIX C – TRANSVERSE IMPACT TESTING  

 

 

Table C. 1. Mean average values and standard deviation of the results from transverse impact testing. 

Specimen Infill Aging 

Absorbed 

Energy  

(%) 

Resilience 

(kJ.m-2) 

Energy 

(J) 

ABS 

15% 3D 
Aged 5.7 ± 0.3 14.3 ± 0.8 0.3* 

Non-aged 5.7 ± 0.2 14.3 ± 0.6 0.3* 

15% HEX 
Aged 5.5 ± 0.5 13.8 ± 1.1 0.3* 

Non-aged 6.0 ± 0.7 15.1 ± 1.8 0.3* 

100% LIN 
Aged 5.7 ± 0.3 14.4 ± 0.8 0.3* 

Non-aged 8.0 ± 1.2 20.1 ± 3.0 0.4 ± 0.1 

HIPS 

15% 3D 
Aged 3.3 ± 0.4 8.2 ± 1.1 0.2* 

Non-aged 3.2 ± 0.5 8.1 ± 1.2 0.2* 

15% HEX 
Aged 2.9 ± 0.4 7.2 ± 0.9 0.1* 

Non-aged 3.5 ± 0.6 8.8 ± 1.4 0.2* 

100% LIN 
Aged 6.6 ± 0.1 16.4 ± 0.3 0.3* 

Non-aged 5.6 ± 0.2 14.1 ± 0.5 0.3* 

PMMA 

15% 3D 
Aged 2.8 ± 0.3 7.1 ± 0.8 0.1* 

Non-aged 2.7 ± 0.4 6.8 ± 1.0 0.1* 

15% HEX 
Aged 2.4 ± 0.9 6.0 ± 2.3 0.1* 

Non-aged 3.5 ± 0.8 8.7 ± 1.9 0.2* 

100% LIN 
Aged 6.0 ± 0.8 15.0 ± 2.1 0.3* 

Non-aged 5.3 ± 1.0 13.2 ± 2.4 0.3* 

TPU 100% LIN 
Aged 0.2 ± 0.2 3.0 ± 0.4 0.1* 

Non-aged1 0.9 ± 0.2 2.2 ± 0.4  0.04* 

ABS-TPU 100% LIN 
Aged 8.9 ± 0.2 22.2 ± 0.5 0.4* 

Non-aged 8.9 ± 0.4 22.4 ± 1.1 0.4* 

HIPS-TPU 100% LIN 
Aged 5.5 ± 0.2 13.9 ± 0.4 0.3* 

Non-aged 6.1 ± 0.1 15.2 ± 0.2 0.3* 

PMMA-TPU 100% LIN 
Aged 6.5 ± 0.6 16.3 ± 1.6 0.3* 

Non-aged 6.3 ± 0.4 15.8 ± 0.9 0.3* 

 *values with standard deviation of 0.0; 1 – results from previous works. 
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APPENDIX D – MORPHOLOGY OF SPECIMENS 

 

Figure D. 1. Morphology of the damage and fracture after impact on printed ABS specimens: a) 15% 3D; a’) 
15% 3D aged; b) 15% HEX; b’) 15% HEX aged; c) 100%LIN; c’) 100%LIN aged. Step is 1 mm. 
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Figure D. 2. Morphology of the damage and fracture after impact on printed HIPS specimens: a) 15% 3D; 
a’) 15% 3D aged; b) 15% HEX; b’) 15% HEX aged; c) 100%LIN; c’) 100%LIN aged. Step is 1 mm. 
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Figure D. 3. Morphology of the damage and fracture after impact on printed PMMA specimens: a) 15% 3D; 
a’) 15% 3D aged; b) 15% HEX; b’) 15% HEX aged; c) 100%LIN; c’) 100%LIN aged. Step is 1 mm. 
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 Figure D. 4. Morphology of the damage and fracture after impact on printed multi-material sandwich 
specimens: a) ABS-TPU-ABS; b) HIPS-TPU-HIPS; c) PMMA-TPU-PMMA. Step is 1 mm. 


