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Abstract 
 

Additive manufacturing (AM) is emerging in recent years, not only as a rapid 

prototyping technique that can help the design steps, but more and more as a proper 

production mean with intrinsic advantages. However, one of the main limitations is, at the 

moment, the relative lack of materials suitable for this kind of production. This doctorate 

dissertation reports some of the efforts made to try to fill this gap, developing new functional 

AM materials to serve in the automotive sector, as well as in other industrial fields. The work 

here reported is focused on vat photopolymerisation (VP) techniques, a branch of AM 

technologies, for the production of polymer nanocomposites. In particular, unmodified 

commercial desktop stereolithographic printers (SLA) based on the laser scanning system 

was used, as well as prototypical stereo-thermo-lithographic printers based on the mask 

projection process. The developed polymer nanocomposite have acrylic mixtures matrixes 

and silver nanoparticles, graphite flakes or graphene sheets as fillers. The developed 

materials were characterised with different techniques to gather information on structural 

and functional properties. Mechanical and viscoelastic properties were increased 

significantly by the addition of fillers, as well as electrical properties, but, more remarkably, 

an innovative method for the production of nanocomposite materials was developed. 
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Introduction 
 

The research work presented in this doctorate thesis was financed by the Regione 

Emilia-Romagna under the project “Automotive academy: a learning by doing project for the 

innovation in vehicle engineering”. The project aim was to investigate the connection 

between additive manufacturing (AM) and automotive industry, specially the racing sector, 

to spin innovation in an “old” industry with a “new” technology. 

This dissertation, in particular, focuses on the design, production and characterisation 

of polymer nanocomposites with functionalisation (e.g. electrical, mechanical, thermo-

mechanical, antimicrobial) suitable for, but not limited to, automotive sector. It was tried to 

maintain an innovative approach not only for the development of the materials themselves, 

but also for the AM methods and in the ways these methods were applied. 

The first, most versatile and most precise AM technology, stereolithography and vat 

photopolymerisation processes (VP) in general, was considered. Moreover, innovative 

materials such as graphene was included in the research process. 

The project became international, with numerous collaborations that added ideas, 

materials, expertise and helped consistently to the development of the whole work. 

Collaborations were established, within the University of Parma, with the Professor Carlo 

Concari research group (Department of Engineering and Architecture) and the Professor 

Mauro Riccò research group (Department of Mathematical Physical and Computer Sciences), 

outside with University of Modena and Reggio Emilia, Professor Massimo Messori research 

group (Department of Engineering “Enzo Ferrari”) and Politecnico di Torino (Applied 

Science and Technology Department), and abroad with the Centre for Rapid and Sustainable 

Product Development (CDRSP) of the Polytechnic Institute of Leiria (Portugal). 

How do competition and high level sport vehicles combine with the opportunities of 

AM, and how can AM in general, and VP processes in particular, meet the requirements of 

such sector? Automotive high-level sector needs a lot of personalisation, both for luxury 

customised solutions and for ever-changing competitions needs where a fast production of 
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new parts in small quantities is always required. AM can provide solutions to both these 

necessities, supplying a rapid method to produce parts with a high level of complexity and 

diversity without impacting on the production cost. For traditional technologies, on the 

contrary, customisation is something that impacts heavily on the production costs and times. 

Another important aspect to be considered in the design and production of vehicles 

(as well as in other important sectors, like aerospace) is lightness. AM can face this need in 

three ways. 

It can provide lightness by means of the reduction of the volume (and consequently 

mass) of the component by means of the so-called “topological optimisation”. Topological 

optimisation is a technique though which a component is redesigned to withstand all the 

solicitations and stresses occurring, but with the subtraction of all the superfluous material. 

Traditional methods of production are bounded by time, cost and technological intrinsic 

limitations, to the fabrication of somehow regular forms. On the contrary, AM can produce 

quasi-arbitrary geometries with the same time and cost of any other traditional form, but 

without the limitations of subtractive manufacturing. This opportunity gives the chance to 

lighten the components choosing the best geometry that fulfils the structural needs, 

unlocking the possibilities of topological optimisation. 

Lightness can be achieved with AM also by drastically diminishing the components 

of a complex assembly, the minor quantity of coupling systems will decrease the total weight. 

The last way in which AM can reduce weight in vehicles is represented by the metal 

replacement. Metal replacement is the practise of substituting metal parts mainly with 

polymeric or composite materials, even for structural applications. The development of new 

polymeric and composite materials for AM can supply new solutions for the metal 

replacement strategy. 

That is why AM and material development are important for automotive sector. The 

combination of these three factors can produce significant reduction in the weight of a 

vehicle, enhancing performances and lowering consumption and thus the impact on the 

environment. 
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The mere reduction of weight can also be accompanied by the functionalisation of the 

material. Nanofillers can give many different functionalities to the matrix, enhancing the 

existing properties or bringing new ones.  

The thesis is structured in chapters. The first chapter recalls the state of the art for AM 

and was used for the review “3D printing processes for photocurable polymeric materials: 

technologies, materials and future trend” published in 2018 [1]. The main definitions are 

presented together with a short report on AM history, evolution and future trends. A deeper 

analysis on the different fields of application is then presented with a special focus on 

automotive sector. A short comparison with the traditional production methods is followed 

by an analysis of the AM production flow, then the attention shifts on the AM processes. A 

short presentation of the main families of processes (powder bed fusion, material extrusion 

and material jetting) is given before focusing on the VP processes. Stereolithography, digital 

light processing and stereo-thermo-lithography (STLG) are explained and discussed, as well 

as other minor VP techniques. Afterwards, it comes a section on VP processable materials. 

The photopolymer families with their specific polymerisation reaction mechanisms are 

presented before shifting the focus on a composite and functional materials overview. The 

problems and limitations occurring during the VP processes, including preparation and post-

processing steps, are then explored. 

The second chapter reports the materials and methods adopted during the research 

work in laboratory and in the treatment and interpretation of data and results. Firstly, the 

different base monomers are presented, followed by the fillers and necessary additives. 

Afterwards, it comes a technological overview on both hardware (the different printers used 

with their process parameters) and software aspects (the programs to control printers, to get 

and interpret data, and to design parts). Then it comes a method section where initial tests 

procedures, dispersion and homogenisation issues, silver nanoparticle synthesis and the VP 

processes workflows are reported. The subsequent section is dedicated to the material 

characterisation. The different characterisation techniques are presented together with a 

description of the adopted instrument. Special attention is given to the simultaneous 

compression and electrical conductivity test that was developed specifically for this research 

project. 
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The third chapter, results and discussion, deals with the outcomes of the different 

research branches investigated. The published results, and those under publication, are here 

presented and discussed [2]. The first section is about unfilled SLA samples obtained with 

PEGDA with different molecular weight for a modulation of the mechanical and viscoelastic 

properties. A section on filled samples follows the first one, starting with silver nanoparticles 

(AgNPs) filled samples obtained in a SLA double simultaneous process of 

photopolymerisation and in situ reduction of silver precursor salts. Afterward, an entire 

section is dedicated to the STLG samples filled with AgNPs, micrometric graphite and 

nanostructured heavily-reduced graphene oxide (TEGO), the focus of this last project is the 

enhancement of electrical conductivity and the comparison of the action of different fillers 

on the composite properties. 

The results chapter is completed by two sections. The first and less orthodox one is a 

section named “failures” (that is opportunities), in which the problems and issues emerged 

during this work are presented. The section is based on the presupposition that errors are the 

best teachers and “to research” does not always mean “to find”. Some hypothetical solutions 

are given together with the reported problem, and strategies to overcome the obstacles are 

presented. The other section that completes the results chapter is the future perspectives 

section, where some interesting possible developments and implementable solutions are 

hypothesised. 

Another important paragraph of the results chapter is the one that reports an 

application specifically developed, in collaboration with a company of the ceramic industry 

sector, to apply AM to ceramic tile surface structuring. This applied research resulted in the 

presentation of a patent. 

A conclusion final chapter summarise all the thesis and usefully recalls all the main 

concepts and results. 
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1 State of the art 
 

This chapter was used for the review published during this research titled “3D 

printing processes for photocurable polymeric materials: technologies, materials and future 

trend” [1]. The paper was updated and correlated with additional material. 

 

1.1 Definitions 
 

Additive manufacturing (AM), as defined by the ASTM F2792 − 12a Standard 

Terminology for Additive Manufacturing Technologies [3], is the process of joining materials 

to make objects from 3D model data, usually layer upon layer, as opposed to subtractive 

manufacturing methodologies. Despite of its broad use, the term “3D printing” (3DP) refers 

only to a single AM technology and moreover it is a registered trademark. So, it is wrong to 

address all the AM processes as 3DP. 

AM technologies have been initially collectively known as rapid prototyping (RP) 

because of their main use as a cheap, lean and quick way to produce prototypes for parts or 

products that, once developed, would have been produced in a traditional subtractive 

manufacturing way. Since in the recent years more and more parts and products have been 

produced directly with AM technologies, the term RP has declined. Now it is perfectly 

common in many industrial sectors to use AM machines directly for the production, 

especially but not limited to sectors that can take real advantages from the intrinsic 

capabilities of AM process: most of all its versatility and low set up costs. Those 

characteristics translate into a strong advantage in terms of personalisation and geometric 

freedom [4]. 
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1.2 Background, evolution, future trends 
 

Since photopolymers have been firstly developed in the 60’s they have been used for 

many different sectors from dentistry to coatings industry. But it is only in 1986 that Chuck 

Hull, an American engineer, patented an “Apparatus for Production of Three-Dimensional 

Objects by Stereolithography” [5]. Additive manufacturing was born, or at least its earliest 

technology: the stereolithography. Stereolithography is described as a method to make solid 

objects by successively “printing” thin layers of the UV curable polymer one on top of the 

other. Since then, all the other main AM technologies have been invented and developed. A 

significant increase to the distribution and impact of these technologies is coming also from 

the expiring of the old patents of the 80’s and 90’s. This “liberalisation” spins the research 

and the industrial world into this relevant part of the 4th industrial revolution [6–8]. 

 

1.3 Fields of application 
 

It is now more than 30 years since AM commercial technological development has 

become. Since the beginnings, the processes had become more accurate and rapid, bringing 

to higher mechanical properties. The machines and the construction of the parts have become 

less expensive and the constant increase of different technologies and materials brought to a 

significant increase in the range of applications. The three major trending applications for 

AM technologies are biomaterials, aerospace and automotive [4,9,10]. Even if nowadays AM 

can find applications in almost every consumer product sector, those three sectors can 

particularly take advantage from the intrinsic capabilities of AM process. Automotive 

industries and aero-space sector can benefit mostly from saving time in the product 

development while biomaterials can take advantage from the great customisation potential 

of AM. 
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1.3.1 Automotive sector 
 

The Wohlers' report (Figure 1) shows that automotive industry accounts for 13.8% of 

the entire AM market, the second largest sector following aerospace.  

 

 

Figure 1: AM market slices according to 2016 Wohlers' report 

 

AM techniques are considered ideal for automotive components because of their 

specific necessities: 

 Complex geometry 

 Customisation 

 On demand manufacturing 

 Lightness and topological optimisation 
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The automotive industry has an increasing necessity to develop new products in ever 

shorter times. AM can face this need by suppling a shorter development cycle decreasing 

costs of production and manufacturing. Moreover, AM has also been applied to the 

production of small batches of functional parts mainly intended for luxury or motorsport 

low volume vehicles. For those small quantities of high level products, the customisation and 

on demand manufacturing guaranteed by the AM is very valuable. 

 

 

Figure 2: (a) F1 upright (right) cast via rapid casting process using polystyrene patterns produced by SLS (left) 

(Source: CRP Technology http://www.crptechnology.com); (b) suspension mounting bracket for Red Bull Racing 

produced by LENS (Source: Optomec http://www.optomec.com); (c) race car gear box produced by EBM (Source: Arcam 

http://www.arcam.com); (d) exhaust manifold produced by SLM (Source: Concept Laser http://www.concept-laser.de); 

(e) oil pump housing produced by SLM (Source: Concept Laser http://www.concept-laser.de); (f) engine block cast using 

the mould and cores fabricated by 3DP (Source: Prometal http://www.prometal-rct.com) 

 

Examples from automotive industry [9]: 

Suspension systems and gearboxes have been produced by CRP Technology for F1 

and MotoGP [CRP Technology. http://www.crptechnology.com] (Figure 2a), Optomec 

applied AM to the fabrication of components such as suspension mounting brackets and 

drive shaft spiders for the Red Bull Racing cars, saving more than 90% of the material and 

reducing significantly times and costs [Optomec. http://www.optomec.com] (Figure 2b). 

Arcam produced Ti6Al4V parts for gearboxes, suspensions and engine components for race 

http://www.crptechnology.com/
http://www.optomec.com/
http://www.arcam.com/
http://www.concept-laser.de/
http://www.concept-laser.de/
http://www.prometal-rct.com/
http://www.crptechnology.com/
http://www.optomec.com/
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cars [Arcam A B. http://www.arcam.com] (Figure 2c). Concept Laser applied AM to the 

fabrication of many aluminium and steel parts such as suspensions, manifolds, engine and 

valve blocks [Concept Laser GmbH. http://www.concept-laser.de] (Figure 2d-e). Prometal 

exploited AM for engine components, such as cylinder heads, intake manifolds, and engine 

blocks for passenger and race vehicles [Prometal RCT. http://www.prometal-rct.com] (Figure 

2f). 

 

Examples from automotive-related research in academia: 

Research centres and universities around the world also set their interest to AM 

technologies for automotive applications. A water pump for motorsport cars has been 

developed using AlSi10Mg and no mechanical properties loss was found with the 

conventionally manufactured equivalent [Vilaro T, Abed S, Knapp W. Direct manufacturing of 

technical parts using selective laser melting: example of automotive application. In: Proceedings of 

12th European Forum on Rapid Prototyping. 2008]. Not only finished engine components like 

engine exhaust valves and pistons [11], but also Ti6Al4V open cellular foams that can be 

applied to automotive systems thanks to the high mechanical properties and lightness [12]. 

An intake system for racing engines to minimise pressure losses, has also been developed 

with AM [13]. 

 

1.4 Comparison with traditional production 
 

Additive manufacturing has several advantages to traditional production methods 

(that we can describe with the retronym “subtractive manufacturing”). The most evident is 

that AM avoids material wasting because it only puts material where is needed, for the piece 

itself or for the supports, whereas in traditional subtractive manufacturing a lot of material 

is usually wasted during the manufacturing process. Another bonus of the AM is the high 

level of geometric freedom, in fact one of the synonyms of Additive Manufacturing is Free 

Form Fabrication (FFF). This is an advantage because it allows to produce a complex object 

that used to be assembled from many components in fewer or even just one part, or it permits 

http://www.arcam.com/
http://www.concept-laser.de/
http://www.prometal-rct.com/
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to optimise geometry with the topological optimisation process that is capable to put material 

only where it is needed removing it from other unsolicited zones. This process usually brings 

to very complex geometries, even impossible to produce with conventional manufacturing 

methods. Another advantage of the geometrical freedom is the chance to customise the 

production with a much lower set up cost than conventional manufacturing, making possible 

the concept of mass-customisation and affordable small batches for high level production 

(luxury, racing, aerospace, on demand production, etc.). The last interesting advantage to 

point out is the one that gave the “old” Rapid Prototyping (RP) its name. In fact, these AM 

techniques still serve as a support to the development process of many parts and products 

mainly because of the rapidity that some of them have in the creation of a 3D object from a 

CAD model, because it is always better to evaluate something in 3D rather than on a screen. 

 

1.4.1 AM production flow 
 

The scheme reported in Figure 3 shows all the different steps of a general AM 

production flow. 

 

Figure 3: a scheme of the entire additive manufacturing process, from the conceptual design to the final 

product. On the left the software processes, on the right the hardware processes and in the centre the product. 
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Once you have designed your model using a CAD software, you must convert it into 

a STL file, one of the main file format that AM machines software can process. This file can 

be manipulated and prepared for the print in dedicated software that are able to orient the 

model, generate supports if needed and finally complete the slicing operation that transforms 

a 3D object into a stack of 2D layers to be printed one on the top of the other. The resulting 

file with the instruction for the printer is then transferred to the AM machine, that must be 

set up for a new print. Then the real printing process takes place. After that, the piece must 

be removed from the printer and the printed object can then undergo some post-processing 

steps like washing, thermal or UV post-curing, surface finishing, joining with other parts 

until it reaches its final destination. 

 

1.5 AM: one family, many different technologies. 
 

AM is a great family of technologies capable of processing many different materials. 

As illustrated in Table 1: pure metals like silver, gold and titanium as well as metal alloys 

like Aluminium, Co-Cr and Nickel alloys along with the versatile Ti6Al4V and stainless steel; 

thermoplastic polymers like polycarbonate (PC), polylactic acid (PLA), Polyetherimide (PEI), 

polyamide (Nylon, PA), Polyester, Polyether ether ketone (PEEK), polypropylene (PP), 

polystyrene (PS), ABS (Acrylonitrile Butadiene Styrene), thermoplastic polyurethane (TPU), 

and a certain number of these polymers’ blends. Of course, also thermosets like acrylic and 

epoxydic resins. But additive manufacturing processes are not limited to the metals and 

polymers only. Alumina, lead zirconate titanate and silicon oxycarbide, as well as other 

ceramics, can be processed. Glass additive manufacturing is reported as well as concrete 

material extrusion. AM processable materials are ample and diverse; moreover, almost all 

these materials can be filled to obtain some kind of composite material. 

However, this thesis will be focused on the AM technologies capable to process 

polymeric materials and mainly on the vat photopolymerisation techniques. 
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Table 1: materials processed by AM and their process family [14]. 

Material Material 

Extrusion 

Vat 

Photopolymerisation 

Material 

Jetting 

Powder Bed 

Fusion 

ABS [15,16]    

PC [17,18]    

PLA [19]    

PEI [20,21]    

Acrylates  [22,23] [24,25]  

Epoxies  [26]   

PA 11/12 [27,28]   [29,30] 

PS    [30,31] 

PP [32,33]   [34] 

Polyester  [35,36]   

PEEK [37,38]   [29,39] 

TPU [40]   [29,41] 

Chocolate [42]    

Al alloys    [43–46] 

Co-Cr alloys    [47,48] 

Gold    [49–51] 

Ni alloys    [52,53] 

Platinum    [51] 

Stainless Steel    [54,55] 

Titanium    [56] 

Ti6Al4V    [57,58] 

Alumina    [59–61] 

Lead zirconate 

titanate 

[62]    

Ceramics [63,64] [65–67]   

Glass [68]   [69] 

Concrete [70,71]    

Silicon 

oxycarbide 

 [72]   

 

It is possible to group the printing technologies developed for polymeric materials, 

starting from the different forms of material they are able to process (Figure 4). Some 

technologies start from powder materials and create an object by depositing a binder on the 

layers of powder (binder jetting) or by selectively sintering or melting them (powder bed 

fusion). Some other technologies use solid materials (usually pellets or wires) that are melted 

to be selectively deposited to form each layer to build the object (material extrusion). Finally, 



State of the art 

13 
  

other technologies start from a liquid material either to locally deposit and cure it (material 

jetting) or to selectively cure it from a liquid vat (vat photopolymerization, or VP). Each 

technology can reach different levels of accuracy and complexity for the object constructed 

[73]. 

 

 

Figure 4: AM technological families, with more detail for the VP [1]. 

 

1.5.1 Powder bed fusion 
 

Among AM techniques, the family of processes that starts from powder layers to 

create the object collectively goes under the Powder Bed systems. In the field of polymers, 

Selective Laser Sintering (SLS) was the first commercialised powder bed process. In every 

SLS system there is a mechanism that supply new smooth powder layer of the desired height 

(typically 0.1 mm), at least one thermal energy source able to sinterise powder particles 

between them and all the control apparatus to direct and regulate that energy source (Figure 

5). 

Once the powder layer has been spread across the surface of the build chamber, 

usually with a levelling roller or blade, the laser scans through the surface of the layer fusing 

the powder particles together to form the first layer of the object. Afterwards, the build 

platform goes down of a single layer height and a new powder layer is spread and levelled 
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by the roller. The whole operation takes place into an inert gas filled build chamber to prevent 

degradation of the powders. The chamber and the powders are kept at a high temperature, 

above glass transition temperature, to avoid using too high power lasers and to prevent 

warping and curling due to high differences of temperature. The loose powder that remains 

surrounding the solidified layer of the object, can be used to support the successive layers 

making this process self-supporting, within certain limits [73]. 

 

 

Figure 5: Powder Bed Fusion process scheme 

 

1.5.2 Material extrusion 
 

One of the simplest AM technique is the Material Extrusion (ME) (Figure 6). It all 

starts with a solid material, usually wires or pellets, softened by a heater element before the 

nozzle. Pressure is then applied to the softened material to let it flow through the nozzle in a 

constant smooth way, in accordance with the movements of the nozzle scanning the layer. 

The material should harden right after the extrusion and must bond to the previous layer to 

form a coherent solid structure. There can be support structures, even in a secondary material 

extruded by a different nozzle, to permit the construction of very geometrically complex 

structures [73]. 
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Figure 6 Material Extrusion process scheme 

 

1.5.3 Material Jetting 
 

Another relevant AM technology is Material Jetting (MJ) (Figure 7), the most similar 

to 2D printing. In fact, MJ printers have printheads that dispense droplets of photocurable 

acrylic thermosets that are solidified by the passage of UV lamps, thus forming each layer. 

The liquid material must be preheated before printing to achieve the right viscosity, then the 

jetting head scans the build platform and deposit the liquid material in a line-wise fashion 

(an exception from the other AM processes). The curing is provided by the UV lamps 

attached to the same jetting head. After each layer is completed the platform is lowered by a 

layer height and the machine is ready to deposit and cure a second layer. 

The fact that many printheads are attached to the jetting head allows usage of 

multiple materials (colours and dissolvable support materials allowed). The MJ liquid based 

printing system makes the usage of support material always necessary [73]. 
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Figure 7: Material Jetting process scheme 

 

1.6 Vat Photopolymerisation techniques 
 

Vat photopolymerisation (VP), as defined by the ASTM F2792 − 12a Standard 

Terminology for Additive Manufacturing Technologies [3], is an additive manufacturing 

process in which liquid photopolymer in a vat is selectively cured by light-activated 

polymerisation. 

This family of AM processes can provide the highest standards in terms of part 

complexity and shape accuracy. There are two main VP typologies: vector scanning based 

processes, like Stereolithography (SLA), and mask projection based processes, like digital 

light processing (DLP), but they both start from a liquid to solidify the desired object by the 

action of light, which activates the polymerisation reaction. 

 

1.6.1 Stereolithography - SLA 
 

Stereolithography (SLA) is a VP process used to produce parts from photopolymer 

materials in a liquid state using one or more focused lasers to scan the surface of each layer 

and selectively cure to a predetermined thickness and harden the material into shape, 

providing the energy to initiate polymerisation [1,3]. 
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There are two different configurations for an SLA machine: top-down or normal SLA 

(Figure 8) and bottom-up or inverted SLA (Figure 9). The top-down process uses the build 

platform as base for the construction of the object, the platform should be immersed layer 

after layer into the liquid photopolymer to allow the prosecution of the process. Differently, 

in the bottom-up process the objects are attached upside-down to the build platform that 

rises each time a new layer is completed. 

From the comparison between those two different approaches, it is clear that inverted 

SLA has many advantages over the normal SLA [74]: thinner layers make possible to reach 

higher vertical resolution and surface quality, avoiding or limiting staircase effects, moreover 

the height of the object is vat independent, not being correlated to the depth of the resin 

container. Another important advantage is the possibility to work and print with less 

material, avoiding waste and making this technology more suitable for research activity. A 

final bonus is that recoating operation is eased by the part not being inside the vat [1]. 

 

 

Figure 8: SLA process scheme 
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Figure 9 inverted SLA process scheme 

 

1.6.2 Digital Light Processing - DLP 
 

The DLP (Figure 10) differentiates from SLA because, instead of a laser scanning, it 

has a digital micromirror device (DMD) projecting a photomask for each layer. A DMD is a 

micro-opto-electromechanical system, a chip whose surface is made of many hundred 

thousand microscopic mirrors. Those mirrors are disposed in a rectangular array to form the 

pixels of the image to be displayed. The mirrors can rotate individually from ON to OFF 

state, in the ON state the light from the source is directed on the build platform to produce 

the image of the object to cure, while the light that hits the pixels in the OFF state is deflected 

elsewhere. 

The photomasks allow to cure whole layers in less time than in vector scanning 

systems, dramatically reducing printing time. But the higher speed of the process is balanced 

from the intrinsic lesser accuracy of DLP, in fact in SLA laser spot size is smaller than the 

minimum pixel size of the DMD, providing smaller minimum feature size. 

Another significant difference between the two main VP technologies is that after SLA 

a post-treatment is generally needed because the laser scanning pattern focuses mostly on 

the outline of each layer to reduce the building time. This strategy can leave some uncured 

resin on the inside of the object that must be post-cured either using an ultraviolet (UV) lamp 

or an oven for thermal curing. The intrinsic advantage of DLP is that this technology allows 
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curing the whole surface of the layer at once, with no difference between the outline and the 

inner area, making post-curing less necessary [1]. 

 

 

Figure 10 DLP process scheme 

 

1.6.2.1 Micro-stereo-thermo-lithographic system - STLG 

 

The micro-stereo-thermo-lithographic system (STLG) of the CDRSP (Polytechnic 

Institute of Leiria, Marinha Grande, Portugal) (Figure 11), is a homemade modified DLP 

prototype system [75]. It is based on a double concurrent radiation system. The large 

spectrum (UV, Vis, IR) radiation resulting from a mercury lamp is split in two and then 

selected by two filters into UV and IR beams. The UV-part is directed to the DMD and finally 

to the build platform, while the IR-part is used to rise the build platform temperature and 

ease the polymerisation process along with the other possible reactions occurring. It is a sort 

of application of the Two-Photon Polymerisation (2PP) concept to the DLP technology but 

using two different radiations. 
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Figure 11: STLG process scheme 

 

1.6.3 Two-photon polymerisation (2PP) 
 

Two-Photon Polymerisation (2PP) Figure 12 is a relatively new and very specific 

technology for the fabrication of quasi arbitrary 3D microstructures. It is an inherently 3D 

process, not limited to the layer-wise process of general VP [76]. It works focusing 

femtosecond laser pulses into the photopolymer, the reaction remains confined to the small 

focal volume because the two-photon absorption process is strongly limited by the light 

intensity. When the focal volume has scanned the entire object the process is completed by 

the solvent washing of the unreacted resin. Since 2PP, being a threshold process, is not 

limited by the optical diffraction, the proper adjustment of the  photon dose makes possible 

to reach the 100 nm order feature size [77,78]. In fact, 2PP is the AM process with the best 

resolution and accuracy [23,79,80]. This exceptional precision has the main drawback in the 

low writing speed, 2PP is much more slow than conventional VP processes, if SLA has a 200-

500 mm/s speed, 2PP is roughly one or two orders of magnitude slower (circa 0.5–2 

mm/s)[23]. The other limitation is, for the moment, that the maximum height of the part 

cannot exceed 1 mm, a very strong limitation for the fabrication of many products. 
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Figure 12: 2PP process scheme 

 

1.6.4 Other techniques 
 

The following technologies are interesting even if not very diffused, they are 

modifications or customisation of VP technologies for specific targets. They are presented 

here to show that VP technologies can serve a large amount of purposes. 

 

1.6.4.1 Solution Mask Liquid Lithography - SMaLL 

 

To avoid the staircase effect on the sidewalls of 3D printed object, some have 

developed a modified DLP technique capable of synchronising the build platform movement 

with the appropriate change in the projected masks so that the process is capable to obtain 

smooth sidewalls. This technique has several names: dynamic optical projection 

stereolithography (DOPsL) [81], layerless fabrication with Continuous Liquid Interface 

Production [82,83], Solution Mask Liquid Lithography (SMaLL) [84]. 
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Figure 13: SEM micrographs of untreated surfaces of cones printed by SMaLL (a) and SLA (b) [84] 

 

1.6.4.2 3D magnetic printing 

 

A magnetic DLP system to allow the selective orientation of reinforcement fibres 

inside the polymer matrix have been developed to build biomimetic structures recalling 

natural composites for more performative applications [85]. The process is defined as an AM 

approach that combines real-time colloidal assembly with existing additive manufacturing 

technologies to create highly programmable discontinuous fibre composites. The fillers are 

not magnetic, in fact alumina, silica and calcium phosphate are employed, but they all are 

coated with iron oxide nanoparticles though magnetic-labelling techniques [86,87]. Once the 

applied external magnetic field has given the nanoparticles the right orientation, the 

polymerisation occurs freezing the disposition of the filler inside the matrix, then the field is 

removed and a second layer is set up for the prosecution of the print. The magnetic field can 
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be applied with different direction to allow different dispositions of the magnetically 

directed reinforcement particles. 

 

Hereafter, a small overview of the use and diffusion of different VP technologies. SLA 

is the first and probably still the most common technique [74,85,88–96]. However, DLP has 

its weight in nanocomposite fabrication [5,97–102]. 

Most of the research has been carried out using commercially available 3D printers 

[81,91–93,97,98,101–104] from Formlabs, Envisiontec, 3D Systems, Asiga, and other 

companies. This means there are commercial machines perfectly suitable for research 

purposes. However, some experiments needed extra features not available on the market, 

which brought some researchers to modify existing systems [85,94,98], or even to build it ex 

novo [81,90,105]. Machines have been modified by removing the sweeping mechanism and 

the original big vat while substituting it with three little ones that form part of a novel 

recirculation system [94,98]. The additions and modifications served to keep constant the 

liquid level and avoid sedimentation of the dispersed carbon nanotubes (CNTs), while using 

less material. The nonstandard version of VP called 3D magnetic printing, have been used in 

[106][106][106][106][106][106][106][106][106][106][106][106][106][106][106][106][106][106][10

6][106][106][106][106][106][106][85], as already stated this technique allows to direct the 

reinforcing microfibers using magnetic nanoparticles (NPs) deposited on them, by applying 

a magnetic field. This method permits, using magnetic control, building complex 

architectures anisotropically reinforced by short fibres. Giving the desired orientation makes 

it possible to build smart bioinspired nanocomposites with functional anisotropy. 

In general, it is possible to say that all the technological parameters connected with 

VP processes should be adapted to the production of nanocomposites and sufficiently high 

laser power, low illumination time, and recoating time must be provided to ensure proper 

construction. 
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1.6.5 Materials for VP 
 

1.6.5.1 Photopolymer families and polymerisation types. 

 

Every starting material for VP processes needs to contain, regardless of the specific 

technique or of the possible filler, some mandatory elements: 

 

 The reactive, UV-curable monomer/oligomer or blends of different ones, 

capable of cross-linking to obtain the desired solid object; 

 The initiator (or a blend of different ones) to be photodegraded under the 

action of the light source. The degradation of the photoinitiator forms radicals, 

cations, or carbene-like species, that are responsible of the activation of the 

polymerisation process [107]. 

 

Monomers and initiators are the basic materials for VP, but there are also some 

additional materials that can be included in the formulations to improve printability or offer 

important properties: 

 A dye can be added to the basic formulation for many purposes. It can, with 

its bright colour, prevent undesired light leakages from the illumination area, 

helping maintaining control over layer thickness [89,101]. For example, the 

dye called Reactive Orange has a well-known and established photocatalytic 

degradation [103,108]. Similarly, Orange Orasol G dye has been added to 

photocurable formulations in small quantities to set the right light penetration 

depth [102]. 

Dyes are used also to tune the refractive index of the resin to match the one of the 

filler [5]. Dyes can also serve as overcuring inhibitors, preventing the typical loss of 
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fabrication resolution occurring in the case of an over reacting resin formulation or excessive 

diffraction of the light inside the vat [90]; 

 Some reactive diluents, basically low viscosity monomers, can also be added 

to the main resin formulation to adjust viscosity, a key technological 

parameter in every liquid AM process; 

 Finally, it must be noted that many different fillers can be added to the matrix 

to adjust its properties or add new ones. 

 

There are two main families of base materials used in VP processes. Each family relies 

on a different polymerisation process: radical polymerisation of acrylic or methacrylic-based 

resins (or other resins modified with acrylate ends) and cationic polymerisation of epoxy or 

vinyl ether-based resins. As already said, the base material of the matrix is very important 

because it sets the starting properties that can be modified by the addition of fillers, and it 

regulates the curing mechanism. 

The radical polymerisation based on acrylates and methacrylates is the most 

commonly used [81,85,89–93,97,102,103,105], one of the overall most used monomers is 

PEGDA being some kind of preferred base material for VP processes [89,91,103,105]. 

The less common epoxy-based cationic polymerisation is rarely applied alone 

[98][94], it is more common to see mixture of acrylates and epoxies [100,104,109] that try to 

combine the advantages of the two families attempting to limit disadvantages. The difference 

between the two resins has also been studied in separate experiment by the same researcher 

in the same paper [96]. 

 

1.6.5.1.1 Free-radical photopolymerisation 

 

As already said, acrylic and methacrylic-based resins are the most commonly used 

and they are based on free-radical photopolymerisation. This mechanism is based on the 
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production of free radicals following the homolysis of weak bonds due to the interaction with 

photons. Naturally, the behaviour of the system is heavily affected by the properties of the 

resin itself, like number of functional ends and molecular weight or chain length. Lower 

functionalities mean lower viscosity, while more functional groups have the power to 

decrease flexibility and increase reactivity and, of course, viscosity. Concerning the 

molecular weight, higher values bring flexibility reducing reactivity, on the contrary lower 

molecular weights increase reactivity and stiffness. 

An example of what can take place in the very first step of radical polymerisation is 

reported in Figure 14. The photoinitiator, in this case Irgacure 819, is photodegraded by the 

action of the UV beam and the resulting reacting radicals initiate the polymerisation reaction. 

The reaction continues as long as there are monomers that can reach the reactive spots on the 

3D network that the crosslinking is forming. 

 

 

Figure 14: radical polymerisation initiation and propagation scheme of PEGDA activated by the photocleavage 

of the Irgacure 819 photoinitiator 
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1.6.5.1.2 Cationic photopolymerisation 

 

The other main polymerisation process is the cationic chain growth typical of the 

epoxy and vinyl ethers-based resins. These systems are usually less reactive (the reaction 

takes longer) than free radical ones, but they are less prone to shrinkage and exhibit better 

mechanical properties [5]. Epoxy systems are more used than vinyl ether ones, but still less 

studied than acrylic and methacrylic resins. However, it is possible (and not uncommon) to 

use mixed systems of radical and cationic polymers to study and tune a dual-curing 

mechanism [104] or to develop a formulation that could combine the advantages of both 

systems (and possibly limiting the disadvantages)[100,109]. 

 

1.6.5.2 Composite and functional materials. 

 

Fillers of very different nature can usually be added to a resin formulation to improve 

existing properties (e.g. mechanical, optical, etc.) or give new ones (e.g. electrical, magnetic, 

etc.), or even to introduce desired and controlled anisotropy that can serve to properly 

response to stresses tailoring the properties in suitable directions more than in others. 

 

1.6.5.2.1 Functional materials 

 

Fillers are often used to improve or give structural or functional properties inside VP 

formulations. Providing or increasing a certain property, results in the functionalisation of 

the polymer composite. This composite can be used in wider applications than the pristine 

matrix. Enhancements of electrical [89,91,92,103], thermal [98,109], magnetic [110], 

mechanical [85,93,94,98,99], electromagnetic[97], antibacterial [95] properties are reported. 

In some cases, the filler content is so high that the matrix material acts more like a 

binder while the filler material turns out to be the principal component. Filler (ceramic or 
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metallic) is processed with a necessary binder that is then burned to make the real object 

(after sintering) [5,96]. 

Another common filler family is represented by fibres. Short or long fibres are added 

to the formulations to introduce anisotropy or to adjust and improve mechanical properties 

of the matrix. 

An important side effect of the addition of fillers is the mitigation of shrinkage 

subsequent to the reduction in the mobility of the polymeric chains. This is an advantage 

because it enhances accuracy of the printed parts. 

Naturally, the addition of fillers to the formulations also introduces problems and 

specific limitations that must be considered when developing a composite material for VP 

processes. 

 

 Stability: the resin containing the fillers must be stable during the entire 

duration of the process which depends on many factors (e.g., layer thickness 

and part height), but is usually at least 1 h in the case of SLA (in DLP this issue 

is less problematic because of the speed of the process, but it is still present). 

This means the particles suspended in the resin must not undergo 

sedimentation or agglomeration phenomena and must not be involved in 

collateral reactions (e.g., oxidation must be controlled)[5]. 

 Homogeneity: the filler must be well dispersed into the resin, in fact the final 

properties would be strongly compromised by a poor dispersion (e.g. a good 

dispersion is crucial to reach percolation threshold phenomenon capable of 

assuring electrical conductivity in a polymer composite)[96]. 

 Scattering: filler particles must not induce excessive scattering phenomena in 

the light path and the transparency of the blend must be granted avoiding 

over-absorption. To face this problem and try to solve it, it is possible to tune 

the refractive index of resin and filler to be similar, thus improving 

processability [5]. 
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The Lambert–Beer law of absorption is a powerful instrument that can help in 

predicting the reactivity of the system, while trying to face the last limitation. Cure depth 

(Cd) is a crucial parameter that represents the maximum depth curable by the light power in 

a single layer. It is function of the penetration depth (Dp) as follows [5]: 

 

𝑪𝒅 = 𝑫𝒑 𝐥𝐧 (
𝑬

𝑬𝒄
) 

where: 

𝐷𝑝 is the penetration depth of the resin, i.e. the depth at which the irradiance becomes 

1/e times that at the surface; 

E is the laser exposure on the resin, the energy given by the laser to the resin during 

the scanning of the layer; 

𝐸𝑐 is the critical exposure of the resin at laser wavelength and this means that, below 

this energy, polymerisation cannot be activated. 

The process is clearly promoted by low Ec and high Dp while higher cure depth 

allows higher layer thicknesses and lower building times. 

In presence of a filler, the penetration depth of the resins is given by the following 

expression [81]: 

 

𝑫𝒑 =
𝟐

𝟑
(

𝒅

𝝋𝑸
) (

𝒏𝟎

∆𝒏
)

𝟐

 

where: 

d is the mean particle size of the filler; 

𝜑 is the fraction volume of filler; 

n0 is the refractive index of the monomer solution; 
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∆𝑛 is the refractive index difference between monomer and filler; 

Q is the scattering efficiency term, which is the ratio of the energy scattered by the 

particle to the total energy in the incident beam intercepted by the geometric cross section of 

the particle. 

Penetration depth is therefore function of the filler dimensions and fraction volume 

and of the refractive index difference between filler and the matrix resin (even if the latter 

can be tuned through means of a dye, as already reported). 

 

1.6.5.2.1 Nanocomposites 

 

As already stated, the real advantage of composite materials is the possibility to 

combine properties from different materials (e.g. conductivity of metal nanowires and 

lightness of a polymeric matrix). The addition of nanotechnology brings to the synergic 

composite advantages the special properties of nanometric fillers. These intrinsic 

characteristics of the materials, are enhanced by the freedom and advantages coming from 

AM in general and VP in particular [111]. 

A composite material becomes a nanocomposite if at least one dimension of the filler 

is below 100 nm [112]. The key factor in the significant improvement in mechanical and 

physical properties from bulk material to the corresponding nanometric one [112], is due to 

the higher surface-to-volume ratios and, often, exceptionally high aspect ratios of nanofillers. 

These two characteristics favour greatly the interaction between fillers and the matrix acting 

strongly on the composite properties, even at very low loadings. However, there are 

problems that can occur when employing nanofillers that are always complex and sometimes 

dangerous to handle. Moreover, the dispersion and homogenisation of nanofillers is really 

critical and must be conducted properly to avoid clustering and consequent decrease of 

properties [88,113]. 

Some examples of the research carried out on polymer nanocomposite materials for 

different applications are reported hereafter. Often authors are trying to give desired 
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functionalisation to printable materials starting from commercial resins and fillers. A lot of 

work has been done to increase the mechanical properties of nanocomposites and to 

understand the dependence on filler nature and content.4–6,15–19 Polymer nanocomposites 

tend to become more brittle with increasing filler content, that is why one of the most 

challenging goal to reach is to retain ductility while increasing mechanical properties [93,99]. 

The addition of graphene oxide (GO) in [99] determined a change in the crystallinity of the 

polymer and this is identified as the main reason for the increase of ductility together with 

the enhancement of tensile strength. In fact, as observed in [114], crystallinity (as well as other 

properties related to the polymer chain) can vary significantly and continuously from the 

interface with the filler into core material of the matrix. A lack of embrittlement that follows 

the increase of mechanical properties of the nanocomposite is also found in [93], where KIc 

seems to not be correlated to the filler concentration. 

Other researchers have been more interested in giving and improving electrical and 

thermal properties of materials [98,109]. In this way, it is possible to print 3D conductive 

complex structures for application as connectors of electrical circuits [92], or structures for 

dissipation and packaging in electronic devices [103]. 

Another important field of application is the biomedical [102], where VP is used to 

make complex biodegradable structures suitable for use as implants or scaffolds. Other 

applications of polymeric nanocomposites processed via VP are radar absorbing materials 

(RAM) [97], piezoelectric materials [105], or even the fabrication of a flow sensor device 

entirely made using VP [90]. Not all the research has been directed toward improving certain 

properties of the material; some [81,104] aims to achieve better understanding of the 

technological aspects, like process parameters [81] and filler–matrix interaction effects on the 

process (e.g., curing kinetics [104], rheology) or the study of dual-curing mechanisms [104] 

with a mixture of acrylic and epoxy resins. In [96]there is reported an attempt to replace a 

traditional expensive technology (hot pressing) with AM for the fabrication of amorphous 

thermoelectric materials. 

Focusing on the fillers, the most used ones are the carbon-based, like CNTs 

[91,94,97,98], cellulose nanocrystals (CNCs) [100], or GO [99], as their organic nature 

promotes filler–matrix interaction. Metal oxides, such as nano-TiO2 [109], Al2O3 [85], BST 
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[96], boehmite [104], hydroxyapatite [102], barium titanate (BaTiO3) [105], calcium phosphate 

[85], and Fe3O4[90] are also often used. The use of metal oxides is a low-cost method to 

increase mechanical and thermal properties of the composite. The most used oxide is silica 

[85,93], with organic surface modification to improve adhesion and bonding between NPs 

and the matrix [81]. 

Chemical modification is also used for nanoclays like montmorillonite and attapulgite 

[81,104]. Pure metals are mainly represented by silver. There are many ways to obtain Ag 

NPs, and the in situ formation is often used. A silver precursor salt (often silver nitrate 

[89,103]) is generally added to a monomer to obtain NPs after the process of VP by UV 

irradiation or by thermal treatment. Photoreduction of Ag NPs from AgNO3 may be 

activated by a UV post-treatment after fabrication, because the DLP works with visible light 

that cannot activate the process[103]. 

The advantages of generating NPs in situ, even if after the fabrication process, consist 

in avoiding dealing with NPs while printing, thus eluding sedimentation, agglomeration, 

and scattering effects. Among the disadvantages, there is possible UV degradation and not 

sufficient penetration of light into the core of the material. A thermal treatment in vacuum 

can be used also to achieve the same purpose avoiding UV [89]. Generating NPs after the 

fabrication process has the advantage of avoiding complications of dealing with NP 

suspension during printing (silver nitrate dissolves in the liquid monomer, eliminating 

problems connected with the two phases). Ag NPs can also be embedded in the porous 

matrix just after 3D fabrication [92]. 

Another important factor in relation to composite properties is filler content. Usually 

it is enough to add small quantities of nano-filler (below 1%) to significantly affect the 

behaviour of the resulting material [91,94,97–100,104,109]. However, not all nanofillers are 

so effective and it might be necessary to consider various contents, as well as the interaction 

between filler content and properties. Some systems can also have low printability limits and 

do not allow high proportions of filler. Another consideration is that increasing filler has the 

effect to increase viscosity, which is one of the limiting factors of VP processes. However, 

there are numerous works that exceed 10% filler content (up to 25% [90], 30% [93] and even 

40% [92]). 
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Some use 0D fillers whose dimensions are all nanometric [81,90,92,93,102–105,109] 

while others use 1D and 2D nanometric fillers. Single-layer GO with a diameter that can reach 

10 μm (while the width is just 0.9 nm) is attested [99]; others [94,98], use multiwalled CNTs 

with diameters of a few nanometres but lengths that can vary from 1.5 to 20 μm. Similarly, 

the CNCs [100] have a diameter of 4–20 nm but a length that can range over from 100 nm to 

a few micrometres. In[85] NPs coupled to microfibers have been used to control their 

orientation, but the material obtained is actually a microcomposite (even if the control over 

anisotropy is due to NPs). 

 

1.6.6 Problems and limitations 
 

There are some limitations to consider and some problems occurring when 

processing a material through VP techniques. Firstly, viscosity must be kept between 5 mPa/s 

and 5 Pa/s, higher values could slow too much the flow of the resin de facto impeding the 

recoating operation or increasing excessively printing time. Recoating is an important 

operation in VP technologies that consists in the flow of a new layer of liquid material to 

cover the previously cured one, allowing the process to continue [5]. Problems can occur 

even if the viscosity is too low, because resin can flow uncontrollably and go outside the vat 

compromising the work place and the printer itself. Naturally, the resin must be curable with 

a suitable cure depth to allow the reaction of an entire layer [5]. On the other side, over-curing 

must be avoided. It can happen that uncured or partially cured resin is still present in the 

printed piece after the process, a curing post-treatment step is needed then. This thermal or 

UV process is carried out to complete solidification of the object and increase mechanical 

properties. Even if it is a necessary step, sometime if the post-curing is conducted for too 

long, degradation can occur and a general decrease of the properties (especially for UV 

treatments). Damage can occur even from a properly conducted post-curing, mainly because 

of shrinkage, as already said, the acrylic formulations are more prone to this problem than 

the epoxydic ones. Shrinkage, with the deriving loss of accuracy, is due to residual radicals 

trapped inside the 3D structure. The process is more evident for high functionalised acrylates 

that rapidly react literally trapping some radicals inside the new 3D matrix. The less rapid 
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polymerisation of the epoxy provides less shrinkage and warping effects [5]. The idea is to 

take the advantages of both formulations while limiting the disadvantages; this is the starting 

point for the adoption of mixed formulations of acrylic and epoxydic resins. The use of mixed 

formulations can also influence other properties (e.g., flexibility), which can be better 

modified to fit different requirements, acting on relative percentages of the components. 

 

1.6.6.1 Preparation treatments 

 

The production of a nanocomposite material is quite complex since it involves the 

combination of different materials with different properties. To make sure that the printing 

process can take place correctly, pre-treatments are almost always needed. 

As already said, the dispersion of all materials composing the formulation (fillers, 

initiators, dyes, and other external elements added to the liquid monomer) must be as 

homogeneous as possible to avoid gradients in properties of the printed object or even the 

failure of the process. So, stirring is very common and even shear dispersion is often 

necessary [94,98,100], even if not always high mechanical stresses are applicable to obtain 

homogeneity because some fillers like CNTs can be damaged with too vigorous actions. 

Ultrasonic dispersion [85,91,93,94,98,99] is certainly effective, but it has some drawbacks for 

protracted treatments. The heat generated during the sonication can damage the resin or 

induce early polymerisation. The problem of excessive heat can be easily avoided by 

recycling the sonication water when it gets too hot or adding some ice to lower the 

temperature [99], while the second problem seems not to interfere negatively with the final 

properties of the nanocomposite [98]. 

The homogenisation process with its mixing operations, can trap air bubbles inside 

the resin. This occurrence is to be avoided because it can interfere with the printing process 

and decrease mechanical properties. Thus, a vacuum treatment is recommended to extract 

eventual air bubbles [100]. 

Since nanocomposite materials often compose organic matrixes with inorganic fillers, 

the coupling between them can give interfacial issues due to weak surface bonding. Thus, 
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the chemical modification of fillers surfaces with organic groups able to increase the chemical 

affinity with the matrix and forming stronger linkages, can increase interfacial and 

mechanical properties and lower surface energy [81,93,104,105,109,112]. Examples of this 

practise can be found in [81], where the chemical modification adds acrylate surface groups 

to form direct covalent linkages with the polymer matrix, while in [105] reactive alkene 

groups are introduces onto surface; in [93] methacrylate groups for covalent bonding are 

provided to improve formulation stability. The organic modification of montmorillonite in 

[104] serves to change surfaces from hydrophilic into hydrophobic, while in [109] nano-TiO2 

has been treated with a silane coupling agent to enhance interfacial adhesion. 

 

1.6.6.2 Postprocessing 

 

Following the fabrication, there can be different post-treatments. Firstly, the object 

must be removed from the build platform, then eventual supports must be removed to isolate 

the object itself. If required by the application a surface finishing may be performed to 

increase surface quality. 

Right after removing the object from the build platform, in VP processes, the washing 

of the object must be performed by immersion or rinsing in an organic solvent like isopropyl 

alcohol (IPA) [90,92,98,100,102], or acetone [102]. This step serves to extract eventual 

unreacted resin and clean the outer surfaces. It can have different lengths according to 

geometrical complexity and material characteristics. 

Drying is another important step. After cleaning step, the object must be dried in air 

or under vacuum [92] or inert gas flow [102]. To assure the complete evacuation of all 

eventual residues trapped inside the object, for specific applications (e.g. biomedical), this 

step can be performed for an extended period under stringent conditions. 

However, the main post-treatment is UV curing [90,91,93,94,98,100,103], almost 

always between 30 minutes [94] and 1 hour [98], but reaching exceptionally 2 hours [100]. 

The general purpose of UV post-curing is to guarantee a full conversion of the unreacted 

monomer, strengthen the bonding of the final object. 
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There is a peculiar thermal post-treatment reported [96] that is conducted at 350° until 

total removal of the photoresin template (actually the matrix), the filler remain after as the 

only component and will be post-processed to obtain an object entirely made of it. Anyway, 

post-curing is not always needed and some decide not to perform it [105]. 
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2 Materials and methods 
 

This chapter formed the basis upon which the materials and methods section of the 

original research articles published (or yet to be published) during this doctorate, were 

constructed. Those articles are titled: “Special resins for stereolithography: in situ generation 

of silver nanoparticles” [2], “Acrylic resins for stereolithography 3D printing with tuneable 

thermo-mechanical properties” [to be published], “Development and characterisation of 

polymer-silver nanocomposites: a comparative study on the technological process between 

SLA and DLP” [to be published], “Development and characterisation of polymer-graphene 

nanocomposites for Vat Photopolymerisation additive manufacturing” [to be published]. 

The following chapter was correlated with additional material from the preliminary tests and 

unpublished work. 

The materials presented and the methods developed, served for the AM production 

and the functional and structural characterisation of samples of different nature. An unfilled 

acrylic polymer with tuneable properties given by the control of the mean molecular weight. 

Several filled materials, with nanometric and micrometric fillers of organic and non-organic 

nature, with in situ reactive nanoparticles as well as ex situ prepared fillers. Silver 

nanoparticles have been produced with an in situ reaction contextual with the AM process 

starting from synthesised precursor salts. Advanced nanostructured carbon based materials 

like thermal expanded graphene oxide (TEGO) have been used and compared to common 

micrometric graphite. As common in literature, acrylic mixtures have been always used as 

base matrixes. 

 

2.1 Materials 
 

2.1.1 Base monomers 
 

Since the most used and readily available base monomers for VP additive 

manufacturing are acrylic based materials, this kind of materials were used also in this 
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research. Many different monomers and combination of them were tried (Table 2), but in the 

end just few of them were chosen to be used in the final formulations and printed (Figure 15, 

Figure 16, Figure 17, Figure 19). 

The base monomer formulations must meet specific requirements, such as guarantee 

the solubilisation of photoinitiators and the stability of the precursor salts without side-

reactions or precipitation. Moreover, it is very important to obtain a viscosity inside the 

technological range accepted by the machine and in general calibrate all the process 

parameters to allow the print of the object. 

 

2.1.1.1 PEGDA 250 - 700 

 

Poly(ethylene glycol) diacrylate, average Mn 250 (CAS Number 26570-48-9) [115] was 

purchased from Sigma-Aldrich (Sigma-Aldrich Corporation, USA) and used as received 

(Figure 15). PEGDA 250 is an oligomer obtained from the polymerisation of ethylene oxide. 

It is one of the most common and commercially adopted polyethers, its applications in 

academia and industry are wide and touch many and very different fields [6,91,116]. 

Poly(ethylene glycol) diacrylate, average Mn 700 (CAS Number 26570-48-9) [117] was 

purchased from Sigma-Aldrich (Sigma-Aldrich Corporation, USA) and used as received. 

PEGDA 700 has the same structure of 250 (Figure 15), but the polymeric chain is longer and 

the whole molecule is heavier and less mobile. In some cases Ebecryl 11 [118], kindly 

provided by Allnex (Allnex Holding S.à.r.l., Grand Rue, Luxemburg) was used instead of 

PEGDA 700, as it is a commercial formulation largely based on the PEGDA 700 monomer. 
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Figure 15: PEGDA molecular structure 

 

2.1.1.2 PETIA 

 

Pentaerythritol triacrylate (PETIA) (CAS Number 3524-68-3) [119] was kindly 

provided by Allnex (Allnex Holding S.à.r.l., Grand Rue, Luxemburg) and used as received. 

PETIA is a commercially available mixture of pentaerythritol triacrylate 60-90% w/w (Figure 

16) and pentaerythritol tetraacrylate 10-30% w/w (Figure 17). Its viscosity, higher than those 

of PEGDAs, can be used to tune the thickness level of the formulation. 

 

 
Figure 16: PETIA pentaerythritol triacrylate molecular structure 
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Figure 17: PETIA pentaerythritol tetraacrylate molecular structure 

 

2.1.1.3 Ebecryl 7100 

 

Ebecryl 7100, an amine functional acrylic resin, described as a polymeric amino 

acrylate in HDDA (10% w/w of hexamethylene diacrylate, CAS number: 13048-33-4, Figure 

18) [120] was kindly provided by Allnex (Allnex Holding S.à.r.l., Grand Rue, Luxemburg) 

and used as received. It can be used to tune the viscosity of the system since it is thicker than 

PEGDA. 

 

 

Figure 18: HDDA molecular structure 

 

2.1.1.4 TMPTA 

 

Trimethylolpropane triacrylate (TMPTA) (CAS Number 15625-89-5) [121] was kindly 

provided by Allnex (Allnex Holding S.à.r.l., Grand Rue, Luxemburg) and used as received. 
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It is a very reactive monomer, having three functional ends and very mow molecular weight, 

it is hardly used alone as it is very brittle once solidified. 

 

 

Figure 19: TMPTA molecular structure 

 

2.1.1.5 Other monomers for initial tests and matrix development 

 

Preliminary tests for the suitability of resin formulations for VP processes and to 

assure that the resin and the filler fitted well together, were carried out on specific test 

equipment. These tests were almost 120 and were carried out using the monomers listed in 

the following Table 2. 

  



Materials and methods 

42 
  

Table 2: table of all the monomers, and their relevant properties, used to test and optimise the matrix 

formulations [122] 

F
u

n
ctio

n
ality

 

D
en

sity
 [g

/cm
3] 

M
W

 

C
A

S
 

F
o

rm
u

la 

D
escrip

tio
n

 

N
am

e 

2 1.11 

250 

26570-48-9
 

 

P
o

ly
(eth

y
len

e 

g
ly

co
l) d

iacry
late 

P
E

G
D

A
 250

 

2 1.11 

700 

26570-48-9
 

 

P
o

ly
(eth

y
len

e 

g
ly

co
l) d

iacry
late 

P
E

G
D

A
 700

 

2 1.11 

700 

26570-48-9
 

 

P
o

ly
(eth

y
len

e 

g
ly

co
l) d

iacry
late 

E
b

ecry
l 11 

/ 1.10 

/ 13048-33-4
 

A
) 

 

P
o

ly
m

eric am
in

o
 acry

late in
 H

D
D

A
 

(10%
) (A

) 

E
b

ecry
l 7100 



Materials and methods 

43 
  

F
u

n
ctio

n
ality

 

D
en

sity
 [g

/cm
3] 

M
W

 

C
A

S
 

F
o

rm
u

la 

D
escrip

tio
n

 

N
am

e 

3; 4 

1.18 

A
 298.32 

 B
 352.34 

A
 3524-68-3  

 B
 4986-89-4

 

 
A

 

 B
 

P
en

taery
th

rito
l triacry

late 60
-90%

 

w
/w

 (A
) + P

en
taery

th
rito

l 

tetraacry
late 10-30%

 w
/w

 (B
) 

P
E

T
IA

 

1 1.105 

360 

25736-86-1
 

 

P
o

ly
(eth

y
len

e 

g
ly

co
l) 

m
eth

acry
late 

P
E

G
M

A
 360 

2 / 550 

25852-47-5
 

 

P
o

ly
(eth

y
len

e g
ly

co
l) 

d
im

eth
acry

late 

P
E

G
D

M
A

 550
 

2 / 750 

25852-47-5
 

 

P
o

ly
(eth

y
len

e g
ly

co
l) 

d
im

eth
acry

late 

P
E

G
D

M
A

 750
 



Materials and methods 

44 
  

F
u

n
ctio

n
ality

 

D
en

sity
 [g

/cm
3] 

M
W

 

C
A

S
 

F
o

rm
u

la 

D
escrip

tio
n

 

N
am

e 

2 1.01 

800 

52496-08-9
 

 

P
o

ly
(p

ro
p

y
len

e 

g
ly

co
l) 

d
iacry

late 

P
P

G
D

A
 800 

3 1.03 

300.35 

42978-66-5
  

T
rip

ro
p

y
len

e 

g
ly

co
l 

d
iacry

late 

T
P

G
D

A
 

2 1.03 

226 

13048-33-4
  

1,6-

H
ex

an
ed

io
l 

d
iacry

late 

H
D

D
A

 

3 1.11 

300 

15625-89-5
 

 

T
rim

eth
y

lo
l

p
ro

p
an

e 

triacry
late 

T
M

P
T

A
 

2 1.11 

470.46 

72869-86-4
  

D
iu

reth
an

e 

d
im

eth
acry

late, 

m
ix

tu
re o

f iso
m

ers 

D
U

D
M

A
 

1 0.879 

128.17 

1663-39-4
 

 

T
ert-

b
u

ty
lacry

late 

T
ert-

b
u

ty
lacry

late 



Materials and methods 

45 
  

F
u

n
ctio

n
ality

 

D
en

sity
 [g

/cm
3] 

M
W

 

C
A

S
 

F
o

rm
u

la 

D
escrip

tio
n

 

N
am

e 

3 1.11 

800 

/ / A
lk

o
x

y
lated

 

triacry
late 

o
lig

o
m

er 

E
b

ecry
l 12 

4 1.15 

571 

/ / T
etrafu

n
ctio

n
al 

p
o

ly
eth

er 

acry
late 

E
b

ecry
l 40 

4 / / / / P
o

ly
eth

er 

acry
late 

o
lig

o
m

er 

E
b

ecry
l 45 

2.5 

1.08 

/ / / A
m

in
e m

o
d

ified
 

p
o

ly
ester acry

late 

o
lig

o
m

er 

E
b

ecry
l 81 

1; 3 

1.08 

300 (A
) 

 170 (B
) 

T
M

P
T

A
 15625-89-5

 

 H
E

M
A

 868-77-9 

 
T

M
P

T
A

 

 

 
H

E
M

A
 

50%
 w

/w
 T

M
P

T
A

 

50%
 w

/w
 H

E
M

A
 

(h
y

d
ro

x
y

eth
y

lm
eth

acry
late) 

E
b

ecry
l 109 



Materials and methods 

46 
  

F
u

n
ctio

n
ality

 

D
en

sity
 [g

/cm
3] 

M
W

 

C
A

S
 

F
o

rm
u

la 

D
escrip

tio
n

 

N
am

e 

1 0.97 

/ / / A
lip

h
atic 

m
o

n
o

acry
late 

E
b

ecry
l 113 

2 1.09 

300 

/ / A
lip

h
atic 

d
iacry

late 

E
b

ecry
l 

130 

2 1.005 

328 

84170-74-1
  

P
ro

p
o

x
y

lated
 

n
eo

p
en

ty
l g

ly
co

l 

d
iacry

late 

E
b

ecry
l 145 

2 / 242.30 (B
) 

57472-68-1 (B
) 

 
B

 

A
lip

h
atic d

iacry
late 77 – 87%

 w
/w

 (A
)  

+ d
ip

ro
p

y
len

e g
ly

co
l d

iacry
late (D

P
G

D
A

) 

10-19%
 w

/w
 (B

) 

E
b

ecry
l 151 



Materials and methods 

47 
  

F
u

n
ctio

n
ality

 

D
en

sity
 [g

/cm
3] 

M
W

 

C
A

S
 

F
o

rm
u

la 

D
escrip

tio
n

 

N
am

e 

2; 6; 5 

/ A
 242.30 

 B
 226.27 

 D
 578.56  

 E
 524.51 

A
 57472-68-1 

 B
 13048-33-4

 

 D
 29570-58-9

 

 E
 

60506-81-2
 A

B
D

E
 

D
ip

ro
p

y
len

eg
ly

co
l d

iacry
late (D

P
G

D
A

) 42
-52

%
 w

/w
 (A

) + H
ex

am
eth

y
len

e 

d
iacry

late 16-26%
 w

/w
 (B

) + A
lip

h
atic d

iacry
late 16-26%

 w
/w

 (C
) + D

ip
en

taery
th

rito
l 

h
ex

aacry
late 3-8%

 w
/w

 (D
)  + D

ip
en

taery
th

rito
l p

en
ta

acry
late 3-8%

 w
/w

 (E
) 

E
b

ecry
l 152 

3 1.09 

450 

28961-43-5
 

 

E
th

o
x

y
lated

 

trim
eth

y
lo

lp
ro

p

an
e triacry

late 

E
b

ecry
l 160 



Materials and methods 

48 
  

F
u

n
ctio

n
ality

 

D
en

sity
 [g

/cm
3] 

M
W

 

C
A

S
 

F
o

rm
u

la 

D
escrip

tio
n

 

N
am

e 

4 / 1000 

52408-84-1
 

/ P
o

ly
ester acry

late 

o
lig

o
m

er 30-60%
 

E
b

ecry
l 810 

6 / 2700 

/ / P
o

ly
ester 

acry
late 

o
lig

o
m

er 

E
b

ecry
l 837 

3; 4 

1.1 

/ / / M
ix

tu
re o

f 

m
u

ltifu
n

ctio
n

al acry
lated

 

p
o

ly
eth

er o
lig

o
m

ers 

E
b

ecry
l 841 

2.5 

1.04 

/ / / A
m

in
e m

o
d

ified
 

acry
lated

 p
o

ly
eth

er 

o
lig

o
m

er 

E
b

ecry
l 880 

3.5 

1.1 

/ / / A
lip

h
atic 

u
reth

an
e 

acry
lated

 resin
 

E
b

ecry
l 8210 



Materials and methods 

49 
  

F
u

n
ctio

n
ality

 

D
en

sity
 [g

/cm
3] 

M
W

 

C
A

S
 

F
o

rm
u

la 

D
escrip

tio
n

 

N
am

e 

6 / 1200 

/ / U
reth

an
e A

cry
late 

o
lig

o
m

er (alip
h

atic) 

E
b

ecry
l 8254 



Materials and methods 

50 
  

2.1.2 Fillers 
 

Fillers have great importance in the property balance of a composite material. In the 

following sections, different kind of fillers used in this work are presented. In particular 

silver, copper and sodium salts were used as precursors or directly as fillers, such as carbon 

based fillers like micro graphite and nanostructured TEGO graphene. 

 

2.1.2.1 Silver salts 

 

Silver salts were used both as direct fillers or as silver nanoparticles (NPs) precursors. 

Moreover, silver and sodium salts were used together for the synthesis of silver acrylate and 

methacrylate. All the silver salts used, even the ones that resulted to be not suitable for a VP 

application, are listed in Table 3. 
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Table 3: table of all the silver salts used as silver nanoparticles precursors or as direct fillers or in the synthesis 

of other silver salts 

Name Formula CAS number MW [g/mol] 

Silver nitrate 

 

7761-88-8 169.87 

Silver acetate 

 

563-63-3 166.91 

Silver acrylate 

(synthesised) 

 

5651-26-3 178.923 

Silver 

methacrylate 

(synthesised) 

 

16631-02-0 192.95 

Silver 

carbonate 

 

534-16-7 275.75 

Silver lactate 

 

128-00-7 196.94 

Silver 

acetylacetonate 

 

15525-64-1 206.98 

Silver citrate 

hydrate 

 

206986-90-5 512.70 

(anhydrous 

basis) 
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2.1.2.1.1 Silver nitrate 

 

Silver nitrate (CAS 7761-88-8, Table 3) was purchased from Sigma-Aldrich (Sigma-

Aldrich Corporation, USA) and used as received. The nitrate was used as a direct filler to 

induce, under UV laser radiation, the reduction of the Ag+ to metallic silver Ag0 but it was 

also used together with sodium acrylate to synthesise silver acrylate salt and with sodium 

methacrylate to synthesise silver methacrylate. 

 

2.1.2.1.2 Silver acrylate and methacrylate 

 

Silver acrylate (CAS 5651-26-3, Table 3) was synthesised starting from silver nitrate 

(2.1.2.1.1) and sodium acrylate (2.1.2.3.1) following the reaction scheme in Figure 20. Silver 

methacrylate (CAS 16631-02-0 Table 3) was synthesised starting from silver nitrate (2.1.2.1.1) 

and sodium methacrylate (2.1.2.3.2) following the reaction scheme in Figure 20. 

Silver (meth)acrylate was used directly mixed to the formulations as silver NPs 

precursor. The major advantage of using silver (meth)acrylate is the absence of unreacted 

radicals from salt dissociation, as it happens, for instance, with the nitrate group of the silver 

nitrate. While Ag+ goes to form nanoparticles, the other (meth)acrylic radical becomes a 

reactive group inside the acrylic formulation and goes to form part of the polymeric matrix. 

The absence of free radicals results in a cleaner material without by-products inside, that can 

more easily be used for those applications where no release is allowed (e.g. biomaterials). 

 



Materials and methods 

53 
  

 

Figure 20: silver acrylate (a) and methacrylate (b) synthesis reaction scheme 

 

Silver acrylate and methacrylate were synthesised starting from silver nitrate and 

sodium acrylate and methacrylate respectively. The synthesis reaction follows the scheme in 

Figure 20. Since silver (meth)acrylate is very reactive and unstable, in fact it oxidises easily, 

the precise quantities for each print were synthesised each time. 

The synthesis procedure starts with the preparation of separate solutions for the silver 

and the sodium salts. The solutions are made in exceeding water (roughly 10 ml of water per 

gram of salt) to be sure that the concentration is low enough to favour the reaction. The two 

solution so obtained, must be mixed together until precipitation of a white solid salt (the 

silver (meth)acrylate). This mixing step is followed and completed by a centrifuge washing. 

The precipitated salt is separated from the supernatant solution by means of an ultra-

centrifuge at 12.000 rpm. The salt is then washed with new water and centrifuged again. This 

last step is carried out twice to obtain in the end a highly pure (meth)acrylate salt, and 

evacuate the possible residues of unreacted silver nitrate and sodium (meth)acrylate. The 

water that is trapped inside the silver (meth)acrylate is extracted with a dynamic vacuum 

treatment. Alternatively, ethanol can be used instead of water to ease the extraction 

operation. The dynamic vacuum treatment is repeated after mixing with the liquid monomer 

to degas and further extract residual water or ethanol. 

Silver methacrylate appears to be more stable than silver acrylate and can be 

preserved in its white unreacted state for several days without turning brown. 
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2.1.2.1.3 Silver acetate 

 

Silver acetate (CAS 563-63-3, Table 3) was purchased from Sigma-Aldrich (Sigma-

Aldrich Corporation, USA) and used as received. As for the nitrate, the silver acetate was 

used as a direct filler to induce formation of silver nanoparticles in the polymeric matrix. The 

intent was to reduce the cation of the salt Ag+ to metallic silver Ag0 through the UV laser 

radiation. 

 

2.1.2.2 Copper salts 

 

Copper salts have been used during the preliminary studies on copper-polymer 

nanocomposites to try to enhance mechanical and, above all, electrical properties. In the end, 

no copper-polymer formulation was found to be suitable for VP processes, but the following 

Table 4 gives a view on the copper salts tested and some of their properties. All the copper 

salts have been purchased from Sigma-Aldrich (Sigma-Aldrich Corporation, USA) and used 

as received. 
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Table 4: table of all the copper salts used and of their main properties 

Name Formula CAS number MW [g/mol] 

Copper(II) 

nitrate 

trihydrate 

 

10031-43-3 241.60 

Copper(II) 

chloride 

 

7447-39-4 134.45 

Copper(II) 

chloride 

dihydrate 
 

10125-13-0 170.48 

Cupric 

bromide 

 

7789-45-9 223.35 

Copper 

sulphate 

pentahydrate 

 

7758-99-8 249.69 

Copper acetate 

monohydrate 

 

6046-93-1 199.65 

 

2.1.2.3 Sodium salts 

 

Sodium salts have not been used as direct filler for the formulations, but just as a 

precursor of the silver (meth)acrylate in the reaction with silver nitrate. The synthesis 

reaction of the sodium salts with silver nitrate is schematised in Figure 20. 
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2.1.2.3.1 Sodium acrylate 

 

Sodium acrylate (CAS 7446-81-3, Table 5) was purchased from Sigma-Aldrich (Sigma-

Aldrich Corporation, USA) and used as received. 

 

2.1.2.3.2 Sodium methacrylate 

 

Sodium methacrylate (CAS 7446-81-3, Table 5) was purchased from Sigma-Aldrich 

(Sigma-Aldrich Corporation, USA) and used as received. 

 

Table 5: a table of the sodium salts used and of their main properties 

Name Formula CAS number MW [g/mol] 

Sodium acrylate 

 

7446-81-3 94.04 

Sodium 

methacrylate 

 

5536-61-8 108.07 

 

2.1.2.4 Graphite 

 

Graphite (CAS 7782-42-5) was purchased from Sigma-Aldrich (Sigma-Aldrich 

Corporation, USA). It was used as a direct filler to improve mechanical and electrical 

properties, and also to try to synthesise graphene via ultra sounds exfoliation directly inside 

the monomer. 
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2.1.2.5 TEGO (thermally expanded graphite oxide) 

 

TEGO graphene is a heavily reduced graphite oxide, 2% of oxygen and 0.4% 

hydrogen still present together with some vacancies in the structure, obtained by thermal 

exfoliation at high temperature (1323 K) produced by Professor Mauro Riccò research group 

at the Physics department of the University of Parma [123]. 

TEGO was obtained from highly pure graphite powder, 99% purity, average size 1.5 

m purchased from Sigma-Aldrich. The graphite powder, about 1 g, was completely 

oxidised following the Staudenmaier method [124,125]. The powder was added to a mixture 

of 17.5 ml of concentrated sulfuric acid and 9 ml of nitric acid in a fume hood and cooled by 

immersion in an ice bath. The mixture was kept under continuous stirring, while 11 g of 

potassium chlorate was slowly added over 1 h. The suspension was then stirred in a fume 

hood for 5 days under nitrogen flow, to avoid the potentially explosive concentration of 

chlorine dioxide gas. The colour of the mixture remained black. The suspension was then 

diluted in 800 ml of water and filtered through coarse filter paper. The filtered product was 

dissolved in 200 ml of 5% hydrochloric acid aqueous solution and filtered again, then 

carefully washed over the filter with water. Finally, the product was dried at 333 K overnight. 

After this step, the laboratory X-ray diffraction analysis showed that the inter-planar distance 

changed from 0.335 nm to 0.690 nm, due to the presence of intercalated water molecules and 

hydroxyl, carboxyl and epoxy groups attached to the graphene planes. When the product 

underwent thermal annealing at 373 K for 3 h in dynamic vacuum, which removed the water 

molecules, the interplanar distance decreased slightly to 0.622 nm, a value perfectly in 

agreement with that reported for graphite oxide (GO) [126,127]. 

Samples were obtained by a direct, fast annealing of GO under vacuum at 1323 K, 

thus obtaining the reduction and exfoliation of graphite planes, clearly visible as a sudden 

growth of sample volume up to thousand time of the initial GO volume (thermally expanded 

graphite oxide – TEGO) [128,129]. These high temperature treatments were done in order to 

guarantee the removal of possible residual hydrogen chemisorbed on the graphene planes 

[130,131]. After high temperature exfoliation, the sample have been always handled in pure 

Argon atmosphere (oxygen and moisture below 1 ppm). The vigorous exfoliation of graphite 
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oxide at 1323 K led to a sample consisting of flakes with a porous layered structure whose 

overlapping sheet structure is evident in Figure 21 and Figure 22. 

 
Figure 21: SEM images of GO vigorously exfoliated at 1323 K (TEGO) 

 

 
Figure 22: representative TEM image from TEGO, where stacked graphene sheets are present. Here a single 

layer sheet with a prominent tear and crumpling at the edge is observed. Scale bar indicates 100 nm 

 

2.1.3 Additives 
 

Some additives are always required to be mixed together with the base monomer and 

the optional filler. These additives can be photoinitiators to start the curing reaction or dyes 

to control the scattering of the light or even also reactive or non-reactive diluents to adjust 

the viscosity of the formulation. 
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2.1.3.1 Initiators 

 

Photoinitiators are used to start the curing reaction. Thanks to the light generated 

homolysis of the photoinitiator molecule, the formation of free radicals gives inputs for the 

polymerisation of acrylic and methacrylic monomers. Some thermal initiators have also been 

used for some comparative characterisation and are also presented. 

 

2.1.3.1.1 Photoinitiators 

 

Bis-(2,4,6-trimethylbenzoyl)-phenylphosphine oxide was used as photoinitiator and 

was purchased from BASF (Ludwigshafen am Rhein, Germany) under the trade name of 

Irgacure (Omnirad) 819 (CAS 423-340-5, Figure 23). Irgacure 819 is described as a versatile 

photoinitiator for radical polymerisation of unsaturated resins upon UV light exposure. 

 

 

Figure 23: Bis-(2,4,6-trimethylbenzoyl)-phenylphosphine oxide (Irgacure 819) molecular structure 

 

2.1.3.1.2 Thermoinitiators 

 

Thermoinitiators have also been used, as already reported, for preliminary tests and 

comparative characterisation. However, it is important to remark that thermoinitiators have 

never been used in the VP machines, as there is no point in doing so on light based VP 

systems. 
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Benzoyl peroxide (CAS 94-36-0, Figure 24) was purchased from Sigma-Aldrich 

(Sigma-Aldrich Corporation, USA) under the tradename of Luperox A75, and used as 

received. Benzoyl peroxide is a thermal radical polymerisation initiator. 

 

 

Figure 24: benzoyl peroxide molecular structure 

 

AIBN (2,2′-Azobis(2-methylpropionitrile)) (CAS 78-67-1, Figure 25) was purchased 

from Sigma-Aldrich (Sigma-Aldrich Corporation, USA) and used as received. It is a thermal 

radical polymerisation initiator. 

 

 

Figure 25: 2,2′-Azobis(2-methylpropionitrile) molecular structure 
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2.1.3.2 Dyes (UV absorber) 

 

Dyes are used in VP processes as UV absorber to limit the scattering of the light and 

avoid over curing. 

 

1-Phenylazo-2-naphthol, Solvent Yellow (CAS 842-07-9, Figure 26) was purchased 

from Sigma-Aldrich (Sigma-Aldrich Corporation, USA) under the tradename of Sudan I, and 

used as received. 

 

 

Figure 26: 1-Phenylazo-2-naphthol (Sudan I) molecular structure 

 

2.1.3.3 Diluents 

 

Water can be used to adjust viscosity, in the case that the liquid monomer is water 

miscible, or to solubilise metal salts like silver nitrate. It has also been used in the reaction 

synthesis of silver (meth)acrylate. The water used was always distilled. 

Ethanol has been used, just like water, to dilute pure monomers in UV lamp 

preliminary tests, and to dissolve silver nitrate as well as in the synthesis of silver acrylate 

and methacrylate. 
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PEGDA 700 has been used as a reactive diluent because of technological issues in the 

STLG system, since that machine required low viscosity formulations. 

 

2.2 Technology 
 

2.2.1 Hardware 
 

2.2.1.1 Form 1+ 

 

A commercial inverted SLA printer (Form1+, Formlabs Inc., Somerville, MA, USA, 

Figure 27), was one of the machines used to process the photo-curable formulations. The 

objects where always printed with no supporting structures directly on the build platform. 

Figure 28, shows more in detail the inside of a Form 1+ printer with the inner disposition of 

laser and the galvanometric devices that control the laser direction with small orientable 

mirrors. 

The recoating mechanism is based on the oscillation of the resin tank on a hinge that 

is situated laterally to it, this movement allows the replacement of the resin from the regions 

close to the printed surface to the outer borders and vice versa. 

 

 

Figure 27: Form 1+ components scheme 
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Figure 28: inside of Form 1+ case [132] 

 

2.2.1.2 Form 2 

 

Form 2 is simply the upgraded version of Form 1+, it is another commercial inverted 

SLA printer (Formlabs Inc., Somerville, MA, USA, Figure 29). The prices of the two SLA 

printers are very similar: around 3000 €. The main difference between Form 2 and Form 1+ 

is in the recoating system. The hinge based system of the Form 1+ has been updated with a 

blade-based one. The blade scans the surface of the resin tank to allow partially reacted resin 

to be replaced from the new, virgin one. Unfortunately, this recoating system is only 

available while using proprietary materials of Formlabs. When using a custom material, the 

mechanism is substituted by the build platform changing place inside the resin tank, thus 

mixing the resin every few layers. 

The other differences between the two systems are reported in Table 6. Form 2 has 

bigger outer dimensions and a consequent bigger build volume. It has the same power 

requirements, but the laser has been improved to allow a smaller spot size. This characteristic 

brings to more accuracy, since the minimum feature size of the Form 2 is now smaller and 

the maximum curable layer thickness is greater. 
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Figure 29: Form 2, Formlabs 

 

Table 6: technical specifications comparison between Form1+ and Form 2  

Printer Dimensions Power 

requirement 

Laser 

specifications 

Build 

volume 

Minimum 

feature 

size 

Layer 

thickness 

Form 

1+ 

30 × 28 × 45 

cm 

100–240 V 

1.5 A 

50/60 Hz 

60 W 

405nm violet 

laser 

Spot size 155 

microns 

125 × 

125 × 

165 mm 

300 

micron 

25-100 

microns 

Form 2 34.5 × 33 × 

52 cm 

100–240 

VAC 

1.5 A 

50/60 Hz 

65 W 

405nm violet 

laser 250 mW. 

Spot size 140 

microns 

14.5 × 

14.5 × 

17.5 cm 

100 

micron 

25-300 

microns 

 

2.2.1.3 Stereo-thermo-lithographic system - STLG 

 

The stereo-thermo-lithographic (STLG) system (Figure 30) in the CDRSP laboratory 

of IPL (Leiria, Portugal), is a DLP based system. The wavelengths of the radiations that will 

interact with the resin have been chosen through appropriate filters 
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The light source (Oriel 66942, Newport Corporation, Irvine CA USA, equipped with 

a 350 W mercury lamp) was set at a power of 300 W and provided a wide spectrum of 

radiation, from UV to IR. The wavelengths selected were the ones of blue light (FSR-BG38 

Blue Glass Bandpass Filter, Newport Corporation, CA, USA, Figure 31), peaked around 4-

500 nm (Figure 32), and a near-IR band pass filter (10LF30-1550 optical filter with centre 

wavelength 1550 nm and bandwidth (FWHM) of 30 ± 7 nm, from Newport Corporation, 

Irvine CA USA) (Figure 31). The blue light around 400 nm can be absorbed by the 

photoinitiator (as can be seen from the extinction diagram in Figure 33) and initiate the cross-

linking reaction. The light intensity was measured with a radiometer (AccuPRO Plus XP-

4000, Spectroline, Westbury, NY USA) and it was found to be 0.5 mW/cm2. The use of 

Irgacure 819 as a photoinitiator in combination with blue light is very common and attested 

also in previous works not only by this research group [2,6,103,107,133–135]. While the blue 

light provides the energy to initiate the polymerisation reaction, IR radiation can provide the 

energy to pre-heat the resin and make a thermal treatment directly in situ while the printing 

process is still occurring. 

The full spectrum radiation, once left the lamp, goes through a beam splitter that 

separate two different channels. Both the channels have their proper filter to select the 

wavelength needed and a shutter that allows to open and close the light beam irradiating 

from that channel, making possible to control separately the time of exposure for each 

channel. After this step the IR channel is aimed directly at the build platform, while the 

filtered blue light goes to the DMD (DMD Discovery 1100, Texas Instrument, Dallas TX USA). 

The DMD reflects the light with the square photomask in Figure 34, giving the desired shape 

to the light beam. The blue light beam is then focused on the build platform by a lens. Each 

shutter is programmed to enable the irradiation for a certain amount of time and, after each 

layer is completed, the build platform is lowered of a full layer thickness. 

The vertical displacement of the build platform is secured by a positioner uniaxial 

MYCOSISR Translation Stage VT-80 (Physik Instrumente GmbH & Co. KG, Karlsruhe, 

Germany), which allows vertical increments of 1 μm (between 0.001 and 20 mm/s). The 

combination of two different light radiations brings to a more efficient generation of radicals, 

with respect to other VP techniques [75]. Also, a thermal post-treatment is possible within 

the printing process, reducing post-processing time and making the whole process lighter 
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and easier. The heat provided by the IR radiation can also be exploited to pre-heat the resin 

making the whole system more reactive. This homemade thermo-stereolithographic system 

is controlled by a homemade software. 

 

 

Figure 30: a photograph of the STLG printing system 

 

 

Figure 31: FSR-BG38 blue glass bandpass filter (left) and 10LF30-1550 IR bandpass filter (right) 
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Figure 32: FSR-BG38 Blue Glass Bandpass Filter transmission diagram 

 

 

Figure 33: extinction diagram of Irgacure 819 

 

 

Figure 34: photomask for the DMD, 1024 x 768 pixels 
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2.2.1.4 Process parameters 

 

Each VP process has its own process parameters that must be managed in the right 

way to correctly print an object. Even small modification of the process parameters can make 

the difference between success and failure. 

 

2.2.1.4.1 Disposition on the build platform 

 

As reported, new monomer should flow in the irradiated area to replace the reacted 

one. This operation is called “recoating step”. Moreover, also the liquid monomer close to 

the irradiated area can be partially cured and, after each layer, it should be removed and 

replaced by virgin monomer flowing from the outer regions of the resin tank. Each printer 

has its own recoating system. Form 1+ has a movement of oscillation of the resin tank on the 

lateral hinge that can be seen on the right side of Figure 37. In the representations of sample 

disposition over the build platform, the hinge is on the right and the front is at the bottom. 

A disposition of the samples too close to the hinge side (Figure 35) can result in poor 

quality of the printed objects due to overcuring (Figure 36), since the oscillation is minor 

closer to the hinge and the recycling of the resin can be difficult. 

 

 

Figure 35: poor disposition of the samples on the build platform too close to the hinge on the right 
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Figure 36: effects of the overcuring on the printed samples due to the poor disposition 

 

A disposition like the one in Figure 37, can provide a better accuracy since the samples 

are distant from the hinge and the resin flow during oscillation is higher. The sample closer 

to the hinge has double spaces on each side to try to avoid resin stagnation. Unfortunately, 

it is still not enough and it is easy to have overcuring on it, mostly depending on the viscosity 

of the resin. The asymmetric disposition in Figure 39, is an attempt to avoid overcuring on 

the sample closer to the hinge, and it works better than the previous ones. Clearly the 

influence of the viscosity and the quantity and amplitude of the oscillation both strongly 

influence the phenomenon. As highlighted by Figure 37 and Figure 39, the spacing can 

partially supply to the closeness to the hinge. 
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Figure 37: a better sample disposition, far from the hinge side 

 

 

Figure 38: better sample disposition results, the sample on the right is still somehow slightly overcured 
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Figure 39: another better sample disposition, far from the hinge side and asymmetrical 

 

Form 2 has completely different recoating and recycling mechanisms. A blade swipes 

the entire surface of the resin tank, making the choice of the disposition of the samples on the 

build platform less critical. In fact, it is possible to dispose the samples on the whole build 

platform surface just taking into account the considerations concerning distances between 

them. 

Thanks to this new system, the relative positions of the resin tank and of the build 

platform can change every few layer, avoiding excessive consumption of the delicate resin 

tank silicone bottom. This mechanism is also the only one active in the “open mode” that can 

supply the resin recycling and prevent overcuring. 

Open mode is an option of the Form 2 that allows to work with the blank settings of 

no specific Formlabs material. In open mode, the material has to be added manually to the 

resin tank and the blade system is disabled. 
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2.2.1.4.2 Offset 

 

Another important process parameter is the offset in z direction. If the adhesion of 

the printed object to the build platform is too strong, it can happen that the samples cannot 

be easily removed from it. In these cases, it is needed to set an initial offset along the build 

direction capable to decrease the adhesion and ease the detachment operation, avoiding the 

damaging of the object during post-printing operations. Depending on the formulation, 

offset values can reach 1 mm. 

 

2.2.1.4.3 Layer thickness 

 

Layer thickness is probably the most evident process parameter, as it affects heavily 

dimensional accuracy in z direction and process times. Thinner layers guarantee better 

accuracy and the mitigation of the staircase effect (Figure 40), but they increase the printing 

time. A balance should be found between these two effects. 

 

 

Figure 40: staircase effect depending on the layer thickness: finer (a) and higher (b) 
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2.2.1.4.4 DLP and SLA process parameters 

 

DLP has some specific process parameters corresponding to the ones of SLA. The SLA 

laser power is the equivalent of the light emission power, as well as the time of exposure per 

layer is somehow corresponding to the laser scanning speed on the raster of the layer. 

 

2.2.2 Software 
 

2.2.2.1 Preform (with Openform) 

 

Preform is the Formlabs printers’ software. It can pre-process the STL files and set 

them for the printer. It can scale, orientate, generate support, dispose and slice the objects to 

be printed (Figure 41). 

Preform has also an open version, called Openform, that allows to access to the 

process parameters that are normally unavailable for modification, like laser intensity and 

scan speed, spacing (Figure 42) and path (Figure 43). It is also possible to differentiate 

between base, support and model parts (Figure 44), adjusting the process parameters for each 

section. 
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Figure 41: Preform interface 

 

 

Figure 42: process parameters available with Openform 
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Figure 43: paths of the laser scan applied for each model slice, the perimeter is considered differently from the 

bulk 

 

 

Figure 44: the three different regions of an additive manufactured object: the base attached to the build 

platform, the supports and the model 

 

2.2.2.2 STLG printer manager program 

 

The homemade thermo-stereolithographic system was controlled by a simple 

homemade software. The software gave the option to set the process parameters like layer 

thickness, illumination time for each layer and for each radiation, wait time between layers 

and dipping of the build platform inside the resin tank. The software was also able to receive 

and send the photomasks to be projected by the DMD (which has a resolution of 1024 x 768 

pixels, 14 mm in size) that were drawn with Paint (Microsoft Corporation, Redmont WA, 

USA) on a 1024 x 768 pixels format. 
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2.2.2.3 Electrical data measurement custom software 

 

A simple software was coded and used to run the programmable microcontroller 

Genuino 101 and manage the collection of data from the electrical measurements performed 

(Figure 45). 

 
Figure 45: software for the programming of the Genuino 101 microcontroller 

 

2.2.2.4 SolidWorks 

 

The CAD software SolidWorks (Dassault Systems SolidWorks Corporation, 

Waltham, MA, USA) was used to design the model for the specimens and the objects printed. 

The CAD files were subsequently converted to a STL file to be processed by the printer 

software. 
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Figure 46: SolidWorks interface 

 

2.2.2.4.1 Partial-contact models: a no-success story 
 

The accordance between the quasi-linear strain threshold as determined from 

mechanical and electrical quantities suggests a strong correlation of the two observed 

phenomena. This brought to consider the electrical conductivity below the quasi-linear strain 

threshold as an indirect measurement of the effective mechanical contact, that is hardly 

observable using compressive tests. This idea implies that a mathematical model for the 

partial-contact area can be devised, to explore the interface of the sample under test. Seven 

models have been considered, to find the appropriate one: linear, pyramid (concave and 

convex), barrel (concave and convex), paraboloid (concave and convex). 

Their representations are given in Figure 47, while the resulting mathematical models 

are summarized in the following equations. Unfortunately, none of the models given above 

fitted the data with the desired accuracy: the partial contact can be observed electrically, but 

further research is needed to find the proper model. 
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a) Linear: 𝑆(ℎ) =
ℎ

ℎ𝑞𝑙
 

b) Pyramid (convex): 𝑆(ℎ) =
ℎ2

ℎ𝑞𝑙
2  

c) Pyramid (concave): 𝑆(ℎ) =
ℎ

ℎ𝑞𝑙
(2 −

ℎ

ℎ𝑞𝑙
) 

d) Barrel (convex): 𝑆(ℎ) = √
ℎ

ℎ𝑞𝑙
 

e) Barrel (concave): 𝑆(ℎ) = 1 − √1 −
ℎ

ℎ𝑞𝑙
 

f) Paraboloid (convex): 

𝑆(ℎ) =
𝜋

2

ℎ

ℎ𝑞𝑙
 if ℎ ≤ ℎ𝑞𝑙/2 

𝑆(ℎ) =
𝜋

2

ℎ

ℎ𝑞𝑙
+ √|2

ℎ

ℎ𝑞𝑙
− 1| − 2

ℎ

ℎ𝑞𝑙
arctan (√|2

ℎ

ℎ𝑞𝑙
− 1|) if ℎ ≥ ℎ𝑞𝑙/2 

g) Paraboloid (concave): 

𝑆(ℎ) = 1 −
𝜋

2
(1 −

ℎ

ℎ𝑞𝑙
) if ℎ ≤ ℎ𝑞𝑙/2 

𝑆(ℎ) =
𝜋

2

ℎ

ℎ𝑞𝑙
− √2 (1 −

ℎ

ℎ𝑞𝑙
) − 1 − 2 (1 −

ℎ

ℎ𝑞𝑙
) arctan [√2 (1 −

ℎ

ℎ𝑞𝑙
) − 1] 

if ℎ ≥ ℎ𝑞𝑙/2 

 

In these equations: 

S: is the area projected by the model in the z direction, depending on h; 

h: is the height considered on the model; 

hql: is the height of quasi-linearity at which the model is collapsed into a 

parallelepiped. 

 



Materials and methods 

79 
  

 

Figure 47: a micro-CT image of a STLG printed sample (i) and the images of the models used: linear (a), 

pyramid convex (b), pyramid concave (c), barrel convex (d), barrel concave (e), paraboloid convex (f), paraboloid 

concave (g) 

 

2.3 Methods 
 

2.3.1 Dispersion and homogenisation 
 

Dispersion has been performed with different techniques, manually with spatulas 

and mechanically with magnetic stirring plates and ultraturrax or even by ultrasound (both 

with ultrasonic tip and bath) 

UP200Ht ultrasonic tip (Hielscher, Teltow Germany) (Figure 51) at 40 W with an 

amplitude of 70% for 5 h in an ice and water bath kept cold to prevent reactions of thermally 

activated polymerisation. 
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Figure 48: UP200Ht ultrasonic tip, Hielscher 

 

T 25 digital ULTRA-TURRAX, (IKA, Staufen, Germany, Figure 49) is a high-

performance disperser that can work at 3.000 – 25.000 rpm with small quantities of material. 

It has been used to disperse homogeneously silver salts inside the liquid monomers. 

 

 

Figure 49: T 25 digital ULTRA-TURRAX, IKA 
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A high-speed centrifuge (NEYA 16, REMI Neya Centrifuges, Carpi, Italy, Figure 50) 

capable of reaching 16.000 rpm was used to separate the supernatant from the salt in silver 

(meth)acrylate synthesis. 

 

 

Figure 50: NEYA 16, REMI Neya Centrifuges 

 

2.3.1 Matrix initial tests under UV lamp 
 

Before proper VP printing process, the materials and the formulations were tested on 

a smaller scale to investigate reactivity of the system under UV irradiation and mechanical 

properties of the cured material. Every initial test was conducted under UV lamp, the liquid 

formulations, all containing 1% of Irgacure 819, were injected inside specially designed 

double glass slide moulds (Figure 51). Each formulation was cured under UV lamp for 30 

minutes, 15 minutes on each side. After curing the samples were post-processed in oven at 

80°C for 2 hours to complete curing. 
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Figure 51: double glass slide mould for initial test under UV lamp 

 

2.3.2 VP processes 
 

The general AM process has been outlined, but hereafter some specific procedures 

adopted in this research are presented, to better understand all the technological issues 

concerning a VP process. 

In Figure 52 the scheme for the realisation of unfilled PEGDA formulations is 

represented. The green section concerns the software procedure, from CAD design of the 

model to be printed, to the handling of it in the machine software, and to the final upload of 

the job into the SLA printer. In yellow the material part, from the preparation of the monomer 

formulation, to the addition of photoinitiator and dye, and to the stirring of the solution until 

complete homogenisation. Finally, in red the proper printing step, followed by the post-

processing: washing and UV post-curing. 
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Figure 52: a scheme of the entire SLA process for unfilled samples, from the preparation of the formulations 

and CAD design to the post-treatments 

 

A set of five different formulations was prepared for SLA printing: from pure PEGDA 

250 (PEGDA-A) to pure PEGDA 700 (PEGDA-E), as shown in Table 7. Each of these 

formulations was obtained stirring the oligomers together with 0.25%wt of Irgacure 819 and 

0.005%wt of Sudan I, at room temperature until complete solubilisation. Then, the obtained 

solution was poured into the resin tank of a commercial inverted SLA printer (Form 2, 

Formlabs Inc., USA) that processed the photoreactive formulations. 

 

Sample name and 

composition 

PEGDA-A PEGDA-B PEGDA-C PEGDA-D PEGDA-E 

PEGDA 250 (%) 100 75 50 25 0 

PEGDA 700 (%) 0 25 50 75 100 

Table 7: table of the five different formulations prepared highlighting the relative percentages of the two 

monomers 

 

The layer thickness was set to 100 μm. The specimens were produced with the 

stacking direction along the specimen thickness and used for the subsequent 

characterisations (Figure 53). The printing process lasted approximately 1.5 hours. 
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Figure 53: An image of printed samples 

 

It was observed that the reactive formulation is stable for the whole printing period 

without any side-reaction or phase separation.  

After printing, the specimens were detached from the build platform and rinsed in 

iso-propylic alcohol (IPA) for 20 minutes to fully remove all the residues of unreacted resin. 

An UV post-treatment was performed on the obtained specimens for 30 minutes on a UV 

lamp (DYMAX model 5000 Flood, 400 W UVA, metal halide bulb). 

Figure 54 represents the scheme of the whole SLA process for silver nanocomposites. 

In green the software part, same as in the previous case of unfilled samples. In yellow the 

preparation of a part of the formulation: PETIA was mixed with the photoinitiator and stirred 

overnight until complete solubilisation of the latter (B). In blue the preparation of the other 

part of the monomer formulation, the one containing the silver precursor salt. The salt can 

be synthesised or directly added to the Ebecryl 7100, with the addition of a small quantity of 

EtOH to ease dispersion. Once reached a homogeneous dispersion, the EtOH was extracted 

and the dispersion of salt inside the monomer (A) was mixed together with the PETIA and 

Irgacure solution (A). In red the last steps, from mixing of the two part of the formulations 

to the actual SLA process to the washing and thermal curing post-treatments. 
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Figure 54: a scheme of the entire SLA process for silver nanocomposites, from the preparation of the 

formulations and CAD design to the post-treatments 

 

The photo-curable resin was obtained by mixing together two different mixtures (A 

and B) for a total of 100 g, shortly before the printing step. The A mixture was formed by 33 

g of PETIA with the addition of 0.25 wt % of Ir 819 with respect to the total final mass. This 

mixture was mixed overnight until complete dissolution of the photo-initiator. The B mixture 

was formed by 67 g of Ebecryl 7100 and a suitable quantity of silver salt, necessary to obtain 

the required concentration of AgNPs in the final sample. To ease the dispersion in the resin, 

a small quantity of ethanol was added to the salt and removed afterwards by a dynamic 

vacuum treatment on the solution carried out at room temperature. A photo-curable resin 

formulation was also prepared without the presence of silver salts, as reference material. 

The samples were coded “AgAcr x%” and “AgMAcr x%” for polymers containing 

AgNPs obtained from silver acrylate and silver methacrylate as precursors, respectively (x = 

0.5, 1 and 2 corresponds to the nominal weight percent of AgNPs, by assuming a complete 

conversion of silver salt to metallic silver). 
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Figure 55: 3D printed specimens: (a) unfilled; (b) 0.5% AgAcr; (c) 1% AgAcr; (d) 2% AgAcr; and (e) 1% 

AgMAcr. 

 

A commercial inverted SLA printer (Form 2, Formlabs Inc., Somerville, MA, USA) 

was used to process the photo-curable formulations. The layer thickness was set to 50 μm. 

The specimens were produced with the stacking direction along the specimen thickness and 

used for the subsequent structural and functional characterisations (Figure 55). The printing 

process time was between 1.5 and 2 h and the photo-curable formulation was observed to be 

stable for the whole period without any phase separation or side-reactions. The expected 

reactions occurring during the 3D printing step are shown in Figure 56.  

At the end of the printing step, the specimens were detached from the build platform 

and rinsed in iso-propylic alcohol (IPA) for 20 min to fully remove all the residues of 

unreacted resin. Finally, a thermal post-curing treatment was carried out at 90 °C for 1 h, to 

complete the polymerisation process partially inhibited by the addition of the silver salt (see 

DSC results reported below). 
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Figure 56: Scheme of the expected reactions during the 3D printing process (b). 

 

Figure 57 represents the scheme of the whole process of STLG from preparation of 

the formulation and photomask design, to the post-treatments. In blue the preparation steps 

of the formulation. This stage is similar to the SLA process, the only part changing is the 

addition of carbon-based fillers like micro graphite and TEGO to the formulation and the 

monomer composition. In yellow the part relative to the formulation of monomer and 

photoinitiator. PETIA was substituted with PEGDA for technological reasons and its greater 

affinity with Irgacure 819. In green the software part, from the design of the photomask to be 

projected to its upload in the DMD and the programming of the printer custom software. 

The red part is relative to the last steps, the final mixing of the formulation, the proper STLG 

printing and the washing post-process. 
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Figure 57: a scheme of the entire STLG process for silver, graphite and TEGO composites, from the preparation 

of the formulations and DMD set up to the post-treatments 

 

The first step in the sample preparation is the addition of the proper solvent to the 

different fillers. The solvent has the function to promote the dispersion of the filler into the 

liquid monomer matrix. The solvent adopted for the dispersion of the AgMAcr was EtOH, 

following the procedure adopted in 2.1.2.1.2, while acetone was used for the carbonaceous 

fillers (1 g for the m-G and 10 g for the TEGO). Once obtained, the mixture of filler and solvent 

was added to 15 g of PETIA and 30 g of Ebecryl 7100 to form the dispersion A. The dispersion 

A was homogenised by mechanical mixing in the case of AgMAcr or with the aid of 

ultrasounds for TEGO and m-G. The C-based fillers were dispersed into the resin using an 

UP200Ht ultrasonic tip (Hielscher, Teltow Germany) at 40 W with an amplitude of 70% for 5 

h in an ice and water bath kept cold to prevent reactions of thermally activated 

polymerisation. The dispersion A, opportunely mixed to be as homogeneous as possible, 

underwent a step of solvent extraction under dynamic vacuum for 1 h, to remove all the 

possible residues of solvent that could have altered the properties of the composite. The 

dispersion A was now ready to be mixed with the dispersion B. Dispersion B was obtained 

stirring overnight until complete dissolution 1 g of the photoinitiator Ir 819 into PEGDA 700. 

After a homogenisation mixing, the total dispersion was poured into the printer’s vat and 

was ready for the printing process. 



Materials and methods 

89 
  

Table 8: prospect summing up the main process parameters used to print the four different sample types 

Name Ir 819 Filler Filler 

content 

wt% 

Layer thickness 

(µm) 

Blue light 

irradiation 

per layer (s) 

IR 

irradiation 

per layer (s) 

Control 1 phr - - 250 12 22 

Silver 1 phr AgNPs 0.5 250 12 22 

m-G 1 phr m-G 0.1 250 12 22 

TEGO 1 phr TEGO 0.1 250 12 22 

 

All the main process parameters were kept constant (Table 8). The acrylic resin matrix 

composition (PEGDA 700 50%, Eb 7100 33%, PETIA 17%) is the same used in other works by 

this research group [2][135], whom had the same relative proportion between PETIA and Eb 

7100 that is used here. The new element is the noticeable addition of the same amount of 

PEGDA 700 as a reactive diluent. This change in the composition is due to the technical 

limitations typical of a prototype printer. In this case the viscosity of the PETIA and Eb 7100 

only system was too high to be successfully processed in the actual printer’s vat and building 

platform system. The used photoinitiator quantity is set to the relatively high amount (1 phr) 

because of the strong absorption action performed by the filler; in fact filled compositions 

with even more than 0.6 phr of Ir 819 resulted in badly polymerised specimens, while unfilled 

compositions with just 0.125 phr reached a perfect degree of polymerisation. However, the 

photoinitiator quantity was kept constant also for the unfilled control samples, to better 

compare the results. 

The filler content of the AgMAcr samples is 0.5 wt% of AgNPs obtained through in 

situ reduction of the silver methacrylate precursor, following the same steps presented also 

in [2]. 

The filler content of the carbonaceous fillers, micrometric size graphite and 

nanometric size TEGO, is the same (0.1 wt%). This quantity was kept constant to analyse the 

effect on properties of the size of the filler particles. 

The layer thickness was set to 250 microns, which is higher than many commercially 

available VP systems. Thus, giving the whole process very short printing times. This aspect 
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is enhanced also by the action of the IR radiation that helps to avoid any post-process curing 

treatment, further reducing the process time and complexity. 

The differences between blue light and IR irradiation times is due to the different 

power of the radiations involved, the final parameters were found experimentally. This 

tuning process involved all the printing parameters because they are somehow all connected: 

an increase in the photoinitiator can compensate an increase in the filler content or a decrease 

in the irradiation time for example, but in the end an equilibrium must be guaranteed. If there 

is not enough photoinitiator or irradiation or too much filler the polymerisation could not 

start at all or fail during the process, vice versa it can happen to have over-polymerisation 

and polymerise on the whole building platform instead of the irradiated area only. 

All the printing parameters, like layer thickness and irradiation times, were set in the 

home-made software controlling the entire system. 

Regarding the sample dimension, the D695 ASTM standard for compression test [136] 

was followed; however, in designing the specimens, the suggested dimensions had to be 

normalised to match the limitations imposed by the printer itself. In fact, the suggested 

dimensions for the prism specimens (12.7x12.7x25.4 mm3) were roughly multiplied by a 0.75 

factor, because of the limitations in the optical system (the irradiated area was well-focused 

just in the middle of the building platform) and in the maximum height allowed for the 

printing process (20.2 mm). Those limitations are normal while working with a prototype 

non-commercial printer. An image of the printed samples can be seen in Figure 58. 
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Figure 58: 3D printed specimens: i) control; ii) AgMAcr; iii) m-G; iv) TEGO 

 

The control unfilled sample in Figure 58(i) is transparent because of the absence of 

any filler while the yellowish colour is given by the relatively big amount of photoinitiator. 

Still partially transparent is the iii) m-G filled specimen due to the micrometric size of its 

filler, while ii) and iv) are completely opaque and black because of the nanometric 

dimensions of their fillers. 

 

2.4 Material Characterisation 
 

Appropriate characterisation tests are vital to build and improve the knowledge on 

the produced samples, making it possible to understand the material properties and 

characteristics and allowing the process of improvement of those properties. 

 

2.4.1 Differential Scanning Calorimetry - DSC 
 

Differential scanning calorimeters are instruments capable to measure temperatures 

and heat flows associated with thermal transitions in a material. It is possible to measure 
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with a DSC properties like glass transitions, “cold” crystallisation, phase changes, melting, 

crystallisation, product stability, cure / cure kinetics, and oxidative stability. In this work, 

DSC has been used mainly for the analysis of curing temperatures and temperature stability. 

Differential scanning calorimetry (DSC) analyses have been carried out at a heating 

rate of 10 ◦C/min, generally from −10 to 200 ◦C in nitrogen atmosphere (DSC, TA2010, TA 

Instruments, New Castle, DE, USA). 

 

2.4.2 X-ray diffraction - XRD 
 

X-ray diffraction analysis is a characterisation technique that gives information on the 

crystalline nature of an observed specimen. It uses an x-ray incident beam that scatters 

crossing the specimen following the Bragg’s law. The resulting intensities of the scattered 

beam at specific angles form characteristic peaks that give information about the crystalline 

phases present inside the analysed specimen. 

XRD analyses were carried out at in continuous-scanning mode between on wide 2θ 

angle ranges, on an X’Pert PRO diffractometer (PANalytical, Almelo, The Netherlands). 

Since the quantities of crystalline phases to observe inside the amorphous polymer 

matrix were small, the tests were conducted over long time periods (often more than 10 

hours) and using a thick incident beam to collect as much signals as possible (e.g. one of the 

measurements was carried out between 30° and 85° 2θ angle with a scanning rate of 0.00013◦ 

s−1 (step size of 0.002◦ 2θ and 150 s as counting time)). 

 

2.4.3 Scanning Electron Microscopy - SEM 
 

Some of the samples were observed using a scanning electron microscope (ESEM, FEI 

Quanta, The Netherlands) operated in high-vacuum mode. The samples were prepared 

joining them to the sample holder (stub) by means of an adhesive carbon tab. Silver glue was 
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also used to link the upper surface of the sample to the conductive carbon tab to create a 

conductive path that allows electrons to flow. The samples were metallised by plasma 

sputtering 10 nm of gold on their surface with an Emitech metallising system. This 

preliminary preparation was necessary to observe the samples in high vacuum because 

polymers are not conductive. Micrographs can be acquired at different magnifications and 

microanalyses can be performed where necessary. The microanalyses have been carried out 

by means of an X-EDS microanalysis system (INCA Oxford Instruments, U.K.). 

 

2.4.4 Transmission Electron Microscopy - TEM 
 

Since nanoparticles have nanometric dimensions, to better observe them it is 

necessary to shift from SEM to TEM. TEM microscopy was carried out (Tecnai 12 Gspirit 

electron microscope, FEI Company, Hillsboro, OR, USA) by using an accelerating voltage of 

120 kV and LaB6 as electron source. 

 

2.4.5 Dynamic-mechanical thermal analysis - DMTA 
 

DMTA can provide precious information on the mechanical and thermal properties 

of a material. These analyses were carried out on a TA 800Q DMA instrument (TA 

instruments, New Castle, DE, USA) equipped with a single-cantilever clamp. Suitable 

specimens with rectangular shape (5 × 2 × 30 mm3) were obtained from the narrow parallel-

sided portion of the 3D printed dumbbell-shaped specimens. Dynamic storage modulus E’, 

loss modulus E’’ and loss factor tan δ were recorded on ample temperature ranges from 

glassy plateau to rubbery plateau, at a heating rate of 3 ◦C/min, at a controlled sinusoidal 

strain (0.1% as maximum strain) and with a fixed frequency (1 Hz). 

Moreover, the creep behaviour of silver NPs filled 3D printed specimens has been 

investigated by applying a constant stress (0.05 MPa) for a creep time of 10 min at several 

isothermal steps (temperature range from 10° to 50 °C, temperature increment 10 °C). Raw 
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creep curves were used to generate a master curve at 10 °C expressed as creep compliance Jc 

as a function of time, according to the time-temperature superimposition (TTS) principle 

following the Williams-Landel-Ferry (WLF) model [137]. 

To predict the reduced storage modulus, the generalised Kernel equation for the 

reduced modulus of filled polymers was applied and a comparison with the experimental 

results was carried out, using the following: 

𝐸′

𝐸1
′ = 

1+𝐴𝐵𝜑2

1+𝐵Ψ𝜑2
 (1) 

where E’ and 𝐸1
′  are the storage moduli of the composite and of the unfilled matrix, 

respectively. The constant A, for spherical particles, is defined as: 

𝐴 =  
7 − 5𝜈

8 − 10𝜈
 (2) 

being 𝜈 the Poisson’s ratio. The constant B depends on the ratio between the filler and 

the matrix moduli, but it can be approximated to 1 for very high ratios. 

Ψ is a reduced concentration term which depends on the maximum packing fraction 

of the particles (𝜑𝑚) according to the following definition: 

Ψ = 1 +
1−𝜑𝑚

𝜑𝑚
2 𝜑2 (3) 

in which 𝜑2 represents the filler volume fraction. To convert the percentage weight 

values into volume fractions, the density of the silver NPs has been taken equal to that of the 

bulk silver (10.49 g/cm3), while for the matrix the density was taken equal to the one of the 

liquid resin formulation (1.127 g/cm3). 

In this work, for silver NPs, the Poisson’s ratio of the matrix was taken equal to 0.5 

and the maximum packing fraction of the particles 𝜑𝑚 was taken equal to 0.601, which is 

typical of the non-agglomerated packing configuration. 
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2.4.6 UV-Vis Spectrophotometer 
 

A UV-Vis Spectrophotometer (Evolution 260 BIO, Thermo Fischer Scientific, 

Waltham, MA, USA) has been used in the characterisation of Cu NPs. UV-Vis spectroscopy 

can measure electronic transitions from ground state to excited state of transition metal ions 

solutions, and was used to try to identify the reduction of UV irradiated Cu salt solutions. 

 

2.4.7 Durometer 
 

The durometer gives information about the hardness of the material, it is useful for 

those applications that require some guaranteed standard values. It measures the penetration 

of the indenter inside the polymer and gives a value that can be correlated to the Shore 

hardness scale used to obtain the hardness value. A portable hardness tester (Affri, Induno 

Olona, Italy) equipped with shore A scale has been used. 

 

2.4.8 Fourier Transform Infrared Spectroscopy - FT-IR 
 

FTIR is a technique capable to obtain an infrared spectrum of absorption or emission 

of a solid, liquid or gas. An FTIR spectrometer simultaneously collects high-spectral-

resolution data over a wide spectral range. 

FTIR spectra were recorded on a FTIR VERTEX 70 spectrophotometer (Brucker 

Corporation, Billerica, MA, USA) equipped with a detector MCT Mid-Band (8000 - 600 cm-

1); for each sample type both the liquid formulation and the printed specimen were tested. 
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2.4.9 Micro computer tomography - Micro-CT 
 

Micro computer tomography is a non-destroying technique that uses x-rays to create 

cross-sections of a physical object that can be used to recreate a virtual three-dimensional 

model. 

Micro-CT scans were performed on a SkyScan 1174 v2 (Bruker, Billerica, MA, USA) 

at a source voltage and current of respectively 50 kV and 800 µA, with an image pixel size of 

19.6 µm. 

 

2.4.10 Tensile and compression tests 
 

Tensile and compression tests can produce a lot of information on the mechanical 

properties of the tested material. It is possible to understand the Young’s modulus, the 

deformation at break, the maximum stress at break, the elastic limit and other mechanical 

characteristic. 

Tensile tests until failure were performed according to the ISO 527-2 standard and 

carried out by using a 2 kN load cell, at a crosshead speed of 1 mm/min, in environmental 

condition of temperature and relative humidity (Universal Testing Machine, TesT GmbH, 

Erkrath, Germany). 

Compression tests until failure were carried out following the ASTM D695 – 15 

standard and performed using a 100 kN load cell, at a crosshead speed of 1 mm/min, in 

environmental condition of temperature and relative humidity (Universal Testing Machine, 

Instron model 4505, Norwood MA, USA). During compression tests, electric measurements 

were performed with a 2-probe method, on a homemade hardware for conductivity 

measurements. 
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2.4.10.1 Data conditioning and identification of the quasi-linear region 

 

Data collected from the Universal Testing Machine (UTM) are imported into the 

MATLAB environment for post-processing and synchronised with the electrical 

measurements coming from a custom conditioning circuit, sampled with an Analog-to-

Digital Converter (ADC). 

The physical sizes of the specimens are measured before the test, and no-load cross 

section and length are identified considering also the orientation of the sample (xy- or z-axis). 

For the sake of fairness, samples are considered to be broken before the effective destruction 

of the part under test: the specimen is considered to be broken when negative force increment 

higher than the bigger between 5% of the value reached or 50 N. This “50 N zone” is 

introduced to account for the initial transient of the instrument and possible settling 

disturbances occurring at the beginning of the compressive test. 

 

2.4.10.2 Mechanical data processing 

 

Since mechanical quantities are sampled by the UTM at constant displacement, they 

are resampled with a uniform time base, after the effective duration of the test is determined 

as stated above. This helps proper synchronisation and consistency of both mechanical and 

electrical data. After that, stress and strain are derived from the mechanical load (resulting 

from the UTM) and the absolute displacement, normalised on the nominal geometrical 

quantities. 

One of the greatest challenges in characterising the tested materials is the fact that 

standard ASTM D695-15 [136] cannot be applied in its Fig. A1.1 because no linear region is 

evident in the data; moreover, also Fig. A1.2 cannot be applied, because the stress-strain 

experimental curve does not exhibit any concave shape. In fact, the material under test breaks 

in its “quasi-linear” region. This region can be defined for intermediate levels of stress: at 

lower displacement values the relationship is highly non-linear, due to the uneven contact 
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surface of the sample. After that region, the samples exhibit a characteristic that is nearly 

linear, but with a convex shape, as with a power law with exponent 𝛼 such that 1 < 𝛼 < 2. 

The determination of the strain in quasi-linear region is hence done as follows: stress-

strain data are fitted in the last 90% portion and the intersection with strain axis is found (ε0 

in Figure 59). Then the error of data with respect to a linear fitting is computed and when 

this error goes into the 0.75-quantile, the quasi-linear strain is identified (εqlm in Figure 59). 

The process is required because data is misrepresented by the uneven contact surface at the 

beginning of the test. The sum-of-square error (SSE), resulting from the fitting procedure, 

besides being an index of the fit quality, is also a measure of the sample non-linearity. 

 

 

Figure 59: representative stress-strain curve of a TEGO filled sample processed through STLG. The image 

shows the mechanical quasi-linear strain and the process to obtain it 

 

2.4.11 Electrical properties test systems 
 

The electrical resistance and conduction properties of printed samples have been 

tested in many ways. One of the purpose in the addition of conductive nanoparticles inside 

a polymeric matrix is to improve electrical properties. A homemade characterisation machine 

has been developed for to measure the conductivity of nanocomposite materials under 
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compression test, and the results have been checked using standard characterisation 

equipment. 

 

2.4.11.1 Electrical data processing 

 

A more complex procedure is adopted to condition the electrical information. Firstly, 

electrical data are truncated at the same length of the mechanical ones. Outliers are identified 

using a moving-median window and removed by means of linear interpolation. Electrical 

data, consisting of current measurements along the compression axis, are resampled and 

synchronised with the mechanical time series. Resistance is hence computed from current 

and reference voltage; conductivity curve (as a function of strain or displacement) is obtained 

using two different models: in one case, a constant-area model is used, in the other a constant-

volume model is exploited. In the latter, the hypothesis of no barrelling is adopted, to 

simplify the mathematical handling of the model. 

The conductivity curve resulting from the constant area model does not exhibit a flat 

shape, resulting in a monotonically increasing function. A single conductivity value can be 

obtained by averaging the constant-volume conductivity data, on the strain range from 40% 

to 90%. The experience shows that in this range the conductivity-strain curve is almost 

constant, proving the correctness of this model and negating the constant-area one. This 

unique value of conductivity is used to compute an “ideal” conductivity at the input strain 

values to cross-check for model accuracy. The quasi-linear strain threshold from electrical 

data is computed from one-crossing (with a 2% tolerance) of the normalised area obtained 

from raw conductivity data in the constant-volume model (εqle in Figure 60). 
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Figure 60: representative conductivity-strain curve of a TEGO filled sample processed through STLG. The 

image shows the electrical quasi-linear strain and the process to obtain it, as well as the unique value of conductivity. 

 

2.4.11.2 Insulation tester 

 

Megger MIT230 (Megger Group Limited, Dover, UK) insulation tester have been used 

just to confirm the electrical measurement obtained with the 2-probe homemade 

conductivity tester. 

 

2.4.11.1 Homemade dynamic resistivity/conductivity tester 

 

This is a 2-probe method, homemade hardware developed to conduct studies on the 

electrical properties of solid materials or structures under the effect of mechanical 

compression. The design of this equipment consists of a two-point ohmmeter effective for 

materials with high electrical resistance. 

The module consists of 4 components, supports with electrical contacts adapted to 

the 4505 universal test system, an adjustable DC voltage source HY3003D, a micro-ammeter 
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and a Genuino 101 microcontroller. The components must be assembled as shown in Figure 

61. 

 

.  
Figure 61: schematic representation of the circuit for the experimental setup 

 

The electrical contact with the sample is made with customised supports. The two 

pieces of 3D printed ABS must be mounted on the compression plates of the 4505 as shown 

in Figure 62 and secured with screws. On each support, there must be a copper plate to make 

the electrical contact with the wires and the remaining instruments in the assembly. 

 

 
Figure 62: model of the assembly to the compression plates of the holders for the electrical testing. 

 

The micro-ammeter is a circuit specially prepared for this application. It integrates a 

series of operational amplifiers to allow an output signal with the voltage proportional to the 

current passing through the circuit. The instrument has 5 positions with different 

amplifications, the output has the order of 1 V when the current is 1 mA, 100 μA, 10 μA, 1 
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μA and 100 nA for positions 1,2,3,4 and 5, respectively. The Genuino 101 microcontroller is 

used as a voltmeter to measure the output voltage of the ammeter and record it on the 

computer. The data available on the microcontroller serial port is read by the parallax excel 

PLX-DAQ macro. 

The ammeter circuit is shown in Figure 63 and consists of an amplification circuit and 

a low pass filter circuit. The filter is necessary because the measured currents are low and are 

susceptible to fluctuations in the electrical network. The switch used has n positions but only 

5 are used, the rest is open circuit and the voltage at the output when the switch is in one of 

these positions is sufficient to saturate the microcontroller used as a voltmeter. 

 

 
Figure 63: schematic representation of the circuit used. 
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3 Results and discussion 
 

This chapter organises and presents the results obtained in the original research 

articles published (and to be published) during this doctorate, titled: “Special resins for 

stereolithography: In situ generation of silver nanoparticles” [2], “Acrylic resins for 

stereolithography 3D printing with tuneable thermo-mechanical properties” [to be 

published], “Development and characterisation of polymer-silver nanocomposites: a 

comparative study on the technological process between SLA and DLP” [to be published], 

“Development and characterisation of polymer-graphene nanocomposites for Vat 

Photopolymerisation additive manufacturing” [to be published].. The papers were 

correlated with additional material from the preliminary tests and unpublished work, as well 

as with the description of the work that brought to the presentation of a patent. 

 

3.1 Preliminary tests under UV lamp 
 

Around 120 different compositions and combinations were tried in preliminary 

polymerisation tests under UV lamp. These tests were conducted under UV lamp with a 

reduced amount of resin and fillers to gain information on the parameters of the formulation, 

optimise the composition and verify the reactivity of the system without wasting too much 

material and time. Once a formulation gave good results under UV lamp it was tested also 

on the VP systems and the subsequent characterisations were done, since the behaviour 

under UV lamp and under a laser scanning system is clearly different. 

 

3.2 Unfilled SLA samples: PEGDA 250-700 – thermo-

mechanical properties modulation 
 

This paragraph is based upon the research article “Acrylic resins for 

stereolithography 3D printing with tuneable thermo-mechanical properties”. The work aims 

to demonstrate the possibility to tune the thermo-mechanical properties of 3D printed objects 



Results and discussion 

104 
  

obtained using a SLA. Two acrylate oligomers, with the same polyethylenglycol-based 

chemical structure but different molecular weight, were used as starting materials in order 

to match the requirements of different applications. A post-print treatment was set up for all 

the samples to obtain a complete cross-linking degree. 

 

3.2.1 Results - PEGDA 250-700 
 

3.2.1.1 DSC 

 

Figure 64 reports the DSC thermograms of PEGDA A sample, chosen as 

representative, respectively before (coded NT) and after (coded UV) the UV post-treatment. 

PEGDA A NT thermogram reveals a broad exothermic peak in the range 120-170 °C which 

can be associated with a post-curing process. After the UV treatment, no exothermic peak is 

evident. 

 

 

Figure 64: differential scanning calorimetry (DSC) thermogram (exothermic up) of PEGDA 250 before 

(PEGDA A NT) and after (PEGDA A UV) post-treatment. Sample PEGDA A is shown as representative. 
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3.2.1.2 FTIR 

 

The degree of curing is estimated with the comparison of FTIR spectra between liquid 

and cured formulations after UV treatment. Figure 65 shows the two spectra of PEGDA 700 

formulation, chosen as representative, before the printing process (a) and after the post-

treatment (b): the disappearing of a peak at around 3100-3000 cm-1 can be observed. This peak 

is connected to the stretching of the =C-H bond in the methylene group [138]. Since the C=C 

bond is only present in the liquid acrylic monomers but it is substituted by a single C-C bond 

after the crosslinking, this particular =C-H bond stretching can be used as a reference signal 

for the residual presence of unreacted acrylic groups. The degree of cure, estimated by the 

ratio of the peak areas before SLA printing and after post-processing, was found to be always 

higher than 97% for all the formulations. 

 

 

Figure 65: Fourier transform infrared spectra (FTIR) of PEGDA 700 before (a) and after (b) SLA printing and 

UV treatment. Only the PEGDA 700 spectra are reported here as representative of the other formulations that exhibited 

the same behaviour. 

  



Results and discussion 

106 
  

3.2.1.3 Tensile characterisation  

 

The only thing that differentiate the five samples is the mean molecular weight of the 

formulations. This difference brings to a change in the mechanical properties of the printed 

objects because a decrease in the oligomer chain length generates higher cross-linking 

density, stiffness, and ultimate tensile strength (UTS), while longer chain lengths bring to 

more flexible materials. These differences can be seen from Figure 66 in which a 

representative stress-strain curve for each set of samples is displayed along with the others. 

A more precise and detailed overview is available considering  

 

Table 9, in which it is clear the increase in UTS and in E as the average molecular 

weight decreases, while no clear trend can be determined for the elongation at break. 

 

 

Figure 66: Representative stress-strain diagram with each formulation displayed 
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Table 9: mean values and standard deviations of tensile strength, tensile strain at break and Young’s modulus 

 
UTS (MPa) Tensile strain at break E: Young’s modulus (MPa) 

PEGDA-A 30±2 0.09±0.01 710±40 

PEGDA-B 12.6±0.2 0.08±0.01 340±30 

PEGDA-C 3.0±0.1 0.072±0.003 41±6 

PEGDA-D 2.6±1 0.09±0.05 27±6 

PEGDA-E 1.5±0.5 0.07±0.02 21.0±4 

 

3.2.1.4 DMTA characterisation 

 

DMTA analyses results are shown from Figure 67 to Figure 69 while numerical details 

are reported in Table 10. 

With the decrease of the average molecular weight of the oligomer formulation, the 

storage modulus, E’, has higher values in the glassy state at low temperatures as well as in 

the rubbery plateau after glass transition temperature (Tg). Furthermore, the rubbery plateau 

is reached at higher temperature (from around -20°C to more than 80°C) for lower 

crosslinking density (Figure 67). 

Tg is evaluated as the temperature corresponding to the peak value of Tan δ. There is 

a clear tendency for a broadening of the peak, a decrease of its maximum value and an 

increase in the Tg (it ranges from -27.5 to 61.9°C) when the crosslinking density decreases 

(Figure 68). 

The same trend can be observed for the loss modulus, a decrease and broadening of 

the peak with an increase of the temperature of its value at lower crosslinking density (Figure 

69). This behaviour is due to the molecular structure of the monomer. Longer chains in the 

base monomer allow better and more ample movements, activated at lower temperatures. 

Less energy is required to start the chain movements, so Tg is lower. On the contrary, shorter 

monomers increase the cross-linking density [139,140] impeding the segmental motion of the 

polymeric chains, having the same effect of a filler [135,141–146]. 
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Figure 67: dynamic-mechanical thermal analysis (DMTA) thermograms of the storage modulus (E’) of the five 

different formulations. 

 

 

Figure 68: dynamic-mechanical thermal analysis (DMTA) thermograms of the Tan Delta of the five different 

formulations. 
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Figure 69: dynamic-mechanical thermal analysis (DMTA) thermograms of the loss modulus (E’’) of the five 

different formulations. 

 

Table 10: characteristic temperatures and moduli of the different printed formulations, respectively E’ and E’’ 

at 25 °C, Tg at Tan δ maximum. 

 

 
E' at 25°C (MPa) Tg [°C] Tan δ maximum 

PEGDA-A 998 62 0.20 

PEGDA-B 437 35 0.23 

PEGDA-C 66 12 0.28 

PEGDA-D 36 -13 0.40 

PEGDA-E 26 -28 0.73 

 

3.2.2 Discussion - PEGDA 250-700 
 

Since the DSC thermograms (Figure 64) show a clear exothermic peak, a small amount 

of unreacted acrylic groups is probably still present after the SLA process, but not after the 

UV post-treatment. Another factor that confirms this view is the strong reduction, always 

higher than 97%, of methylene group stretching, only present in the FTIR spectra of the liquid 

monomers but not in the UV post-treated crosslinked specimens (Figure 65). 
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This complete curing of the liquid resin only after post-processing is a common thing 

for SLA, where a thermal and/or UV post-treatment is usually needed. 

Interestingly, the mechanical properties show a strong increase in stiffness and tensile 

strength only when the formulation contains more than 50% of PEGDA 250, while at lower 

average molecular weight the flexibilising effect of the PEGDA 700 is prevalent. Moreover, it 

can be noted that all these materials show a relatively low elongation at break value, floating 

around 8%, presumably due to thermoset nature of the cured resins. 

On the other hand, the thermo-mechanical properties present a more equilibrate 

shifting between the extreme positions of the pure oligomers. From DMTA analysis, it is clear 

that the average molecular weight of the mixture is a good way to control the modulus and 

the glass transition of the crosslinked polymer. The Tg ranges from over 60°C with pure 

PEGDA 250, to almost -30°C with pure PEGDA 700 and E’ can be varied between 25 to 1000 

MPa at 25 ° C, depending on the application requirements. 

Not many ways to modify the thermo-mechanical properties of a material, without 

adding any additive or filler, has been presented yet in literature. Pashneh-Tala et al. in [147] 

suggest to act on the degree of acrylation to control and tune the mechanical properties. 

Stampfl et al. in [23] propose to change the strength and elastic modulus in the product using 

a different monomer or acting on the degree of crosslinking. The method here proposed is 

even more simple and fast, acting only on the mean composition of the polymeric blend 

obtained by mixing two different weight of a single oligomer instead of producing a single 

molecular weight monomer or having to select a different monomer for any specific 

application. 

Another factor that contributes to the lean method here developed to modify the 

thermo-mechanical properties, is the use of a simple and low cost unmodified commercial 

desktop SLA printer. 

This work can be further developed functionalising this tailorable base material, that 

could act as a matrix for a full range of fillers to build composite materials that can take 

advantage of a matrix with tuneable flexibility. Examples of composites that uses a PEGDA 

matrix can be found in [81,103,148,149]. 
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3.2.3 Conclusions - PEGDA 250-700 
 

This work demonstrates that it is possible to use an SLA printer to process a single 

material with different molecular weights to control the thermo-mechanical properties of the 

3D printed objects. The possibility to choose the properties of the material makes that 

material potentially suitable for a wide spectrum of applications. 

DSC and IR characterisations demonstrated the complete curing of the materials after 

printing and post-process treatment. While the tensile tests and DMTA measurements 

showed how it is possible to modify the mechanical and thermo-mechanical properties by 

changing exclusively the relative content of the two starting acrylate oligomers in the final 

formulation. 

The use of two commercial acrylate oligomers as starting materials, an unmodified 

commercial SLA printer, the relatively limited time needed to print and the leanness of post-

processing steps, make the process simple and easy. Furthermore, the material in particular 

and the process in general, can be used as a base to build acrylate-based materials with 

different properties in a tailorable range. 

 

3.2.4 Application (ceramic industry patent) 
 

The work carried out on modulation of mechanical properties of polymers 

processable via AM, found application in the development of a formulation for the ceramic 

sector. The application consists in the VP fabrication of the polymeric pads (Figure 70) used 

for the surface structuring of ceramic tiles green (Figure 71 and Figure 72). The method 

currently adopted consists in the CNC machining of stainless steel negative matrixes that 

give the form to a rubber thermoset. This rubber must be vulcanised in an oven to get the 

desired shape from the metallic matrix. The process is longer and more expensive, AM can 

reduce the time required for the fabrication of the pads, eliminating the step of the negative 

metallic matrix, giving also the benefit of an infinite choice of surfaces not limited by a single 

physical matrix but only by different CAD models. 
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This work brought to the presentation of a patent request under the name of 

“METODO E MATERIALI PER LA FABBRICAZIONE DI TAMPONI PER L’INDUSTRIA 

CERAMICA” (method and materials for the fabrication of pads for the ceramic industry). 

Request number: it 102018000008679. 

 

 

Figure 70: the printed polymeric pad with the surface to impress on the ceramic powders 
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Figure 71: the pressed ceramic powder forming a green tile 

 

 

Figure 72: another example of pressed ceramic powder forming a green tile 
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3.3 Filled samples 
 

Additive manufacturing of polymers has a lot of potential and serves many 

applications, but the fields of use of these systems can be enormously increased by the 

addition of fillers to the formulations. The enhancement of pristine matrix properties or the 

addition of completely new ones are obtainable through the addition of functional fillers. 

 

3.3.1 SLA - AgNPs – simultaneous photopolymerisation and in situ 

photoreduction of AgNPs 
 

This paragraph is based upon the original research article “Special Resins for 

Stereolithography: In Situ Generation of Silver Nanoparticles” published on Polymers [2].  

 

3.3.1.1 Results 

 

3.3.1.1.1 XRD analysis 

 

XRD patterns of “AgAcr x%” and “AgMAcr 1%” samples reported in Figure 73 

confirm the transformation of silver ions to metallic silver. It is also important to underline 

the absence of peaks related to silver oxide (main peak at 32.9°). Therefore, the peak intensity 

decreases from “AgAcr 2%” to “AgAcr 0.5%” sample, according to the variation of the 

nanoparticle amount in the analysed samples. Moreover, the evident peak broadening is 

indicative of the nanometric dimension of the coherent diffraction domains. 
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Figure 73: X-ray diffraction (XRD) diffraction pattern of 3D printed materials containing different amount of 

AgNPs from AgAcr and AgMAcr as precursors. 

 

3.3.1.1.2 TEM micrographs 

 

Typical TEM micrographs of unfilled and filled printed samples are reported in 

Figure 74. 

TEM micrographs show that, compared to the unfilled sample, AgNPs can be 

observed in all filled systems, regardless of the initial load and type of used AgNPs 

precursor. AgNPs present an almost spherical geometry with a narrow size distribution. The 

measured average dimensions are 9 ± 2, 13 ± 3, and 11 ± 2 nm in “AgAcr 1%”, “AgAcr 2%” 

and “AgMAcr 1%” samples, respectively. 
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Figure 74: Transmission electron microscopy (TEM) micrographs at two different magnifications of 

“Unfilled” (a,e); “AgAcr 1%” (b,f); “AgAcr 2%” (c,g); and “AgMAcr 1%” (d,h); as representative. 

 

3.3.1.1.3 DSC Analysis 

 

Typical DSC thermograms of unfilled and filled resins, before and after a post-curing 

thermal treatment, are reported in Figure 75. 

DSC thermogram of unfilled resins “Unfilled NT I” is characterised by the absence of 

any exothermic peak indicating a complete resin conversion on the 3D printed specimens 

without the necessity of any post-curing processes. On the contrary, all filled resins, 

characterised immediately after 3D printing (NT I samples), exhibit clear exothermic peaks 

attributable to the presence of unreacted carbon-carbon double bonds (C=C). These peaks 

completely disappear in the second heating scan (NT II samples) and are absent in the 

thermally post-cured samples (TT I samples). 
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Figure 75: Differential scanning calorimetry (DSC) thermograms (exo up) of “Unfilled”, “AgAcr x%” and 

“AgAcr 1%” (TT: after thermal treatment; NT: no thermal treatment; I: first heating scan, II: second heating scan). 
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3.3.1.1.4 Tensile properties 

 

Representative stress-strain curves of filled and unfilled resins are reported in Figure 

76. The corresponding tensile properties of the 3D printed specimens are reported in Table 

11. 

Young’s modulus values systematically increase by increasing the AgNPs 

concentration from a minimum of 68 MPa for “Unfilled” sample to a maximum of 153 MPa 

for “AgMAcr 1%” sample. Strength values follow the same trend also, with a significant 

maximum value of 5.0 MPa in the case of “AgAcr 2%” sample. 

Strain at break values systematically decrease by increasing the AgNPs concentration 

from a maximum of 6.1% for “Unfilled” sample to a minimum of 2.4% for “AgMAcr 1%” 

sample. 

 

 
Figure 76: Representative stress-strain diagram for Ag-filled and unfilled samples. 
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Table 11: Tensile properties of 3D printed specimens (Et: Young’s modulus; M: tensile strength; B: tensile 

strain at break, according to ISO 527 technical standard). 

Sample Et (MPa) M (MPa) B (%) 

Unfilled 68 ± 2 3.4 ± 0.3 6.1 ± 0.7 

AgAcr 0.5% 111 ± 3 4.3 ± 0.4 4.8 ± 0.6 

AgAcr 1% 113 ± 8 4.0 ± 0.4 4.0 ± 0.1 

AgAcr 2% 142 ± 8 5.0 ± 0.8 4.7 ± 0.9 

AgMAcr 1% 153 ± 5 3.4 ± 0.3 2.4 ± 0.2 

 

3.3.1.1.5 DMTA properties 

 

The results obtained by dynamic-mechanical analysis are reported in Table 2 in terms 

of glass transition temperature (TgDMTA, determined from the maximum of tan curve) and 

storage modulus measured at 60 °C. 

TgDMTA values systematically increase by increasing the AgNPs concentration from a 

minimum of 0.7 °C for “Unfilled” sample to a maximum of 11.8 °C for “AgAcr 2%” sample. 

Also, storage modulus values evaluated above TgDMTA follow a similar trend ranging from a 

minimum of 65 MPa for “Unfilled” sample to a maximum of 140 MPa for “AgMAcr 1%” 

sample. 

A comparison between the reduced storage modulus obtained from the experimental 

results and from predictive equations is reported in Figure 77 by applying the generalised 

Kernel equation for the reduced modulus of filled polymers [150]. 

The figure clearly shows an evident increment of the relative storage modulus (E'⁄E1') 

in the experimental results with respect to the prediction of the Kernel equation. This 

increment can be attributed to an action of the filler as a cross-linking agent, besides his action 

of pure rigid particle reinforcement. 
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Table 12: Glass transition temperature (TgDMTA, evaluated as temperature value corresponding to tan peak) 

and storage modulus at 60 °C values for all the printed specimens, from DMTA analyses. 

Sample TgDMTA (°C) E’ at 60 °C (MPa) 

Unfilled 0.7 65 

AgAcr 0.5% 4.9 87 

AgAcr 1% 5.1 97 

AgAcr 2% 11.8 130 

AgMAcr 1% 10.5 140 

 

 
Figure 77: Relative storage modulus as a function of AgNPs volume fraction. A comparison between predicted 

and experimental values for the AgAcr filled series. 

 

3.3.1.1.6 Creep Properties 

 

Creep data (compliance as a function of temperature) obtained at several isothermal 

conditions ranging from 10 to 85 °C were elaborated by applying the time-temperature 

superimposition principle in order to get information on the creep behaviour of the 

investigated materials in a time scale much higher than the experimentally accessible one. A 

portion of the obtained master curves at the reference temperature of 10 °C is reported in 

Figure 78.  

All compliance values were in the range of 10−8 Pa−1 but there was a clear difference 

between filled and unfilled resins notwithstanding a similar slope of the curves. Once again, 

the materials containing in situ generated AgNPs presented a more elastic behaviour here 

represented in terms of creep resistance. 
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Figure 78: Master curves of compliance as a function of time at the reference temperature of 10 °C for 

“Unfilled”, “AgAcr x%”, and “AgMAcr 1%” samples. 

 

3.3.1.2 Discussion 

 

XRD analysis confirmed the conversion of silver cations deriving from soluble silver 

salts to metallic silver thanks to the occurrence of a reduction process attributable to both UV 

radiation (from SLA printer) and presence of radicals, formed after dissociation of photo-

initiator. This is a very important result considering that similar systems processed with an 

alternative technology such as DLP evidenced the necessity to a UV-based post-curing step 

to generate AgNPs [89,103]. From this point of view, the power (light intensity) of the UV 

radiation used in SLA process was high enough to activate the chemical reduction processes 

to in situ generate AgNPs during the 3D printing step, contrary to what observed by using a 

different additive manufacturing technology (i.e. DLP) characterised by a less intensive 

radiation. 

TEM analysis showed that the in situ formation of AgNPs during 3D printing allowed 

to optimise the dispersion and distribution of the nanofillers within the polymer matrix, 

avoiding problems related to the aggregation phenomena usually observed in the alternative 

ex situ preparative approaches. 

DSC analysis indicated an uncomplete polymerisation reaction in the case of filled 

resins, i.e. in the presence of silver salts as AgNPs precursors. Presumably, two different 
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phenomena can contribute to a conversion of carbon-carbon double bonds lower than 100%. 

First of all, the in situ generation of AgNPs converts the materials from a substantially 

homogeneous system to a bi-phasic heterogeneous one with the two phases having different 

refractive indexes, which in turn could lead to light scattering phenomena with a decrease of 

photo-polymerisation reaction efficiency. Secondly, the presence of rigid AgNPs in the 

polymer matrix is also expected to increase the rigidity and the glass transition temperature 

of the material and an earlier vitrification could occur with a stop of the chemical reactions 

due to limitation in the diffusion phenomena within a glassy matrix. 

The increment in Young’s modulus, due to the presence of a rigid filler, is an expected 

result due to hydrodynamic effect deriving from the inclusion of rigid particles in a less rigid 

polymer matrix. On the other hand, data indicates that the cross-linking density, which in 

turn dominates the modulus value above Tg, was not negatively affected by the in situ 

generation of AgNPs and related by-products formation. Moreover, the use of silver salts 

with counter-anions which can react directly with the acrylic monomers during the 

formation of the polymer network, can further stabilise the final system, limiting the 

formation of extractable by-products. 

In addition to the significant increment of Young’s modulus evidenced for all the 

filled samples (with a remarkable maximum value of 153 MPa for “AgMAcr 1%”), it is 

noteworthy also the increment of strength in the case of “AgAcr x%” series with respect to 

the unfilled reference resin (with a maximum value of 5.0 MPa with respect to 3.4 MPa). This 

behaviour is quite unexpected considering that strength usually decreases by increasing the 

filler content in the case of micro-composites. Conversely, in the present case a positive 

contribution can be considered as deriving by both the nanometric size of the filler combined 

with an enhanced particle/matrix interfacial adhesion according to other similar evidences 

reported in literature [151]. In this case, the interactions at the nanoparticle-polymer interface 

can benefit from the presence of carboxylate groups present in the polymeric network and 

deriving from the counter-anion of the starting salt. In fact, the acrylate and methacrylate 

groups are characterised by the co-existence of alkenyl and carboxylic functionalities in the 

same molecule. The alkenyl functionality has the possibility to react with the acrylic 

monomers, becoming part of the polymeric structure. This behaviour determines the 

formation of carboxylic pendants, scattered along the polymer chain, which can coordinate 



Results and discussion 

123 
  

the surface of the nanoparticles, improving the interactions at the interface between AgNPs 

and polymer. 

As expected, the presence of a high-modulus filler resulted in a decrement of strain 

at break for all the filled resins, even if the loss in strain at break was relatively limited, with 

respect to the reference value of 6.1% for unfilled resin. 

In accordance to quasi-static tensile properties above reported, also DMTA and creep 

data indicated a significant increment of rigidity, proportional to the amount of AgNPs as 

indicated by both glass transition temperature, storage modulus and compliance values. The 

comparison between experimental and predicted storage modulus values further supported 

the presence of an enhanced interfacial AgNPs-polymer adhesion, as already evidenced in 

previous papers [141,142,152]. 

 

3.3.1.3 Conclusions 

 

This work demonstrates that the SLA process can simultaneously reduce a silver salt 

to in situ generated, well dispersed and distributed AgNPs while polymerising the liquid 

monomer into a solid matrix. Thanks to the selection of silver salts having reactive counter-

ions, such as acrylate and methacrylate, the obtained nanocomposite material is 

homogeneous and without extractable by-products. In fact, the reactive counter-ions can 

become part of the polymeric structure and stabilise the nanoparticle-polymer interfacial 

interactions. The absence of by-products release, the presence of AgNPs with good 

dispersion and distribution, the freedom and precision allowed in the fabrication by the SLA 

process, are all factors that can promote this approach for the realisation of useful and valid 

nanocomposite materials applicable to various sectors ranging from medical and healthcare, 

to food packaging. 
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3.3.2 STLG – Ag, graphite and TEGO composites 
 

This paragraph is based upon the work done at the CDRSP research centre of 

Polytechnic institute of Leiria (Portugal). 

In this work, a DLP based STLG prototype machine was used to 3D print compression 

test specimens used for all the subsequent mechanical and functional characterisations. 

The work was oriented to the realisation of silver salt in situ reduction with a DLP 

based technique operating with visible light and IR radiation, and to the enhancement of the 

electrical conduction properties of the composites obtained not only with the addition of 

silver but also with carbon based fillers such as micrometric graphite and nanostructured 

TEGO. A scheme of the expected reactions occurring during the printing step is reported in 

Figure 79. 

 

 

Figure 79: expected reactions during STLG 3D printing process, photodegradation of the photoinitiator and 

radical polymerisation initiation and propagation. In the central box, the silver ions reduction, nucleation and growth.  
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3.3.2.1 Results (and discussion) 

 

3.3.2.1.1 DSC 

 

The DSC thermograms (Figure 80) of all the samples are characterised by the absence 

of any clear exothermic peak, and no strong difference between first and second heating 

scans. This behaviour indicates a complete resin conversion on the 3D printed specimens 

within the SLA process, that avoids the necessity of any post-curing treatment. This total 

conversion of the resin can be due to the infrared irradiation over the resin during the 

printing steps that allows a resin preheat, fostering the reactivity and giving to the printed 

object a contextual thermal treatment. 
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Figure 80: differential scanning calorimetry (DSC) thermograms (exothermic up) of all the different 

composition printed specimens (first two heating scans shown) 
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3.3.2.1.2 FTIR 

 

The degree of curing is estimated with the comparison of FTIR spectra between liquid 

and cured formulations after STLG process. Figure 81 shows the spectra of the filled printed 

samples and the liquid base formulation before the printing process. The disappearing of the 

3 peaks at around 3100-3000 cm-1 can be observed after the STLG process has occurred. The 

peaks are 3 because there are 3 monomers components in the formulation. These peaks are 

connected to the stretching of the =C-H bond in the methylene group [61]. Since the C=C 

bond is only present in the liquid acrylic monomers but it is substituted by a single C-C bond 

after the crosslinking, this particular =C-H bond stretching can be used as a reference signal 

for the residual presence of unreacted acrylic groups. Since the DSC thermograms show no 

clear exothermic peak in the printed samples, and FTIR also confirms the trend showing the 

disappearing of the acrylic-related peaks, it is possible to conclude that the STLG process is 

able to obtain a fully complete polymerisation, without the need of any further post-

treatment. This is totally in agreement with the fact that STLG is a process based on DLP 

technology and DLP is more efficient in the formulation conversion than SLA systems. 
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Figure 81: FTIR spectra of the liquid monomer mixture and of the 3 loaded composition printed samples. 

 

3.3.2.1.3 XRD 

 

Figure 82 shows the X-ray diffractogram of the sample containing 0.5% w/w AgNPs 

from AgMAcr as precursor. In the same graph, there are the diffraction peaks of the metallic 

silver (highlighted in red). There is a strong correspondence between the peaks of the printed 

sample and the Bragg’s reflection of the face-centred-cubic form of metallic silver (ICCD-

JCPDS card no. 04-0783) [153]. This means that the AgMAcr salts dispersed in the 

formulation has reacted with the light in a photoreduction process that brought to the 

formation of metallic silver nanoparticles. The size of the particles can be deduced from the 

peak broadening, commonly observed when the powder has nanometric size [135]. 
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Figure 82: X-ray diffraction pattern of 3D printed material containing 0.5% w/w AgNPs from AgMAcr as 

precursor. In red the position of the diffraction peaks of metallic Ag as shown in the peak list (JCPDS 04-0783). 

 

3.3.2.1.4 Micro computer tomography - m-CT 

 

Table 13 shows the results of the volume and porosity calculation. The porosity is 

very low for all the samples, except for the TEGO. TEGO sample exhibit a porosity of more 

than 1% that can be seen also in Figure 83(IV) in the form of small bubbles evenly distributed 

on the volume of the sample. This is a clear example of the difficulties in the compatibilisation 

between fillers and the matrix. TEGO is a very hard to disperse filler, at least inside the kind 

of resin used, and the prolonged (5h) ultrasound dispersion adopted may not be sufficient. 

Probably a chemical surface modification of the TEGO with some kind of coupling agent can 

be recommended to try to avoid this problem. The presence of porosity can explain the 

decrease in mechanical properties experienced by TEGO graphene filled samples, but not 

completely, since a smaller decrease can be noted even for Ag and m-G filled samples. 

 

Table 13: volume and porosity of the samples used for m-CT scans. 

Sample Volume (µm3) Porosity (%) 

Control 7.5965E+011 7.2918E-004 

Ag 7.2441E+011 4.3425E-003 

m-G 8.4906E+011 7.3392E-003 

TEGO 7.0002E+011 1.6265E+000 
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Figure 83: virtual cross sections of the fabricated objects made with micro computer-tomography (m-CT):. (I) 

control; (II) Ag; (III) m-G; (IV) TEGO. 

 

3.3.2.1.5 Compression 

 

The results of the compression tests along both the directions are presented in Table 

14 and Table 15, while Figure 85 presents the representative stress strain diagrams for each 

sample typology. 

With the exception of the deformation at break all the mechanical properties are better 

in z direction than in xy. This can be due to a better performance of the material if compressed 

on the same direction of the planes of the layers, but most probably it is due to the 

interference of contact issues. As can be noted from the m-CT images (Figure 83), the outer 

surfaces of the samples are much more defined and parallel to each other in the case of the 

base and top surfaces, than of the sides. 
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Regarding the deformation at break, all the filled samples almost double the 12% 

value of both xy and z direction of the control, having values floating around 20% or more. 

The filler particle, regardless of their metallic or organic nature and regardless of their 

dimension also, all exhibit a good influence on deformation at break under compression of 

these 3D printed specimens. This result is quite impressive thinking of all the issues with 

increased fragility deriving from the addition of fillers to polymers that are reported in 

literature [99]. 

The compression mechanical properties, like ultimate compression strength (UCS) 

and Young’s modulus (E), increase in the xy direction from the control unfilled samples to 

the filled ones. However, this is no longer true when considering the z direction, where all 

the opposite occurs. In the z direction, the compression properties decrease more and more 

from the control to the AgNPs filled samples, to the graphite ones and reach the lowest values 

for the TEGO. This can be due to the air bubbles trapped inside the TEGO samples and, more 

in general, to a non-homogeneous dispersion of the filler inside the matrix that could have 

brought to the formation of fillers aggregates. The filler can act properly only if well 

dispersed [99,154–156], if not it can actually decrease the pristine matrix properties. 

 

 

Figure 84: test direction, Z axis on the left and XY plane on the right. The layers and their direction are clearly 

visible. 
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Figure 85: representative stress-strain curves for the 3D printed samples. 

 

Table 14: tensile properties of 3D printed specimens tested on xy direction (E: Young’s modulus; 
UCS: ultimate compression strength; εB compression strain at break 

xy E (MPa) UCS (MPa) εB 

control 7.31±6.39 0.735±0.678 0.12±0.07 

Silver 24.26±7.34 3.55±1.27 0.22±0.04 

Graphite 34.03±8.36 4.21±1.41 0.26±0.04 

TEGO 6.18±3.41 2.05±0.152 0.27±0.01 

 

Table 15: tensile properties of 3D printed specimen tested on z direction (E: Young’s modulus; UCS: ultimate 

compression strength; εB compression strain at break 

z E (MPa) UCS (MPa) εB 

control 80.94±16.67 11.97±2.39 0.12±0.02 

Silver 36.85±4.26 5.45±0.656 0.21±0.01 

Graphite 44.95±12.47 7.71±1.87 0.24±0.02 

TEGO 24.60±4.44 3.75±0.785 0.19±0.02 
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3.3.2.1.6 Conductivity 

 

All the electric measurements were performed with a 2-probe method, on a 

homemade hardware for conductivity measurements. The measurement where taken 

simultaneously with the compression testing. 

Table 16 and Table 17 show the conductivity results for the samples in xy and z 

direction respectively, while Figure 86 shows representative curves of conductivity vs 

compressive strain. 

The addition of the fillers has a strong impact on the conductivity values of the 

materials, and seems not to be affected by the regressive effect of the mechanical properties. 

Table 16 shows the increase of 1 order of magnitude in the conductivity from the control to 

the filled samples. But more interesting is Table 17 where an increase of 2 order of magnitude 

can be noted for the TEGO samples. In z direction, conductive silver nanoparticles have the 

effect to increase more than 10 times the conductivity value, a better performance are able to 

produce the graphite filled samples with more than 20 times higher conductivity values even 

if the dimension of this filler are micrometric and not nanometric as the silver. But the best 

performance is given by the nanometric TEGO filled samples. The heavily reduced graphene 

oxide high conductivity, the nanometric dimensions, the flake form of TEGO that helps 

percolation: these three factors together guarantee an increase in the conductivity of almost 

150 folds, despite of the porosity. 

Figure 86 shows the curves of conductivity during compression. The initial increase 

is due to partial contact phenomena. In this figure, it is easily noticeable the different orders 

of magnitude of the conductivity. 

 

Table 16: conductivity values in xy direction 

xy γ (µS/m) 

control 0.34±0.226 

Silver 6.98±1.05 

Graphite 2.45±0.200 

TEGO 6.74±0.722 
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Table 17: conductivity values in z direction 

z γ (µS/m) 

control 1.06±0.0723 

Silver 11.2±2.88 

Graphite 27.2±4.62 

TEGO 153.2±25.5 

 

 

Figure 86: representative conductivity vs strain curves of the 3D printed samples 

 

3.3.3 Discussion (final considerations) 
 

The duration of the compression tests, the time intervening between the beginning of 

the compression and the failure of the specimen, can be assumed as an indication of the 

goodness of the results. The reproducibility of the test is higher if the times for the same kind 

of samples are similar. The standard deviation of test time is higher for less similar sample 

performances, the more a sample is uniform and the more the test times should be similar. 

In Table 18 and Table 19 there are reported the duration of the compression tests of filled and 

unfilled samples along xy and z direction. It can be noted that, not only the duration of the 
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test in z direction is longer, but also the standard deviation is lower in percentage (with the 

exception of the TEGO which has low values also for the xy direction standard deviation). 

 

Table 18: duration of compression tests in xy direction 

xy Test time (s) 

control 66.4±38.52 

Silver 118.0±23.31 

Graphite 147.7±21.56 

TEGO 130.2±6.79 

 

Table 19: duration of compression tests in z direction 

z Test time (s) 

control 194.9±21.55 

Silver 199.2±7.51 

Graphite 235.7±23.19 

TEGO 181.6±17.94 

 

It can be noted that the material exhibits no linear region, especially at the beginning 

(Figure 87 left). A quasi linear strain has been identified as the virtual zero strain point: the 

strain that simulates the absence of any initial partial contact. The procedure, described in 

the materials and methods section, brought to the identification of two quasi linear strains: 

one from the mechanical data (Figure 87 left, εql
m) and another from the electrical data 

processing (Figure 87 right, εql
e). These quasi linear strains, for all the samples filled and 

unfilled, are reported in Table 20 for the xy direction and Table 21 for the z direction. In those 

tables, there are reported also the ratios between the two different values of quasi linear 

strain. The more they are similar, the more the ratio is close to 1, and the more the procedure 

is confirmed. Again, it can be noted that for xy direction the ratio of control and graphite are 

low, meaning that these samples were affected by some noise deriving from irregularity in 

the outer surfaces and the non-standard method test. Silver and TEGO filled samples, which 

were much more regular on the lateral surfaces, show a better behaviour giving more 

comparable quasi linear strains. Much better results are given by the z direction tests. TEGO 
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filled samples reach an outstanding 0.999 ratio, the control and the graphite give a much 

more regular output, and also silver is quite close to 1 having almost 0.8 of ratio. 

 

 

Figure 87: εqlm εqle “quasi linear strain” values derived from mechanical (εqlm) and electrical (εqle) data 

processing. 

 

Table 20: “quasi linear strain” values derived from mechanical (εqlm) and electrical (εqle) data processing for 

specimens in xy direction. The ratios between those quantities are reported as a proof of the goodness of the procedure. 

xy εqlm εqle εqlm/ εqle 

control 0.027±0.017 0.048±0.040 0.556 

Silver 0.052±0.011 0.064±0.013 0.807 

Graphite 0.061±0.010 0.103±0.012 0.592 

TEGO 0.063±0.004 0.065±0.010 0.963 

 

Table 21: “quasi linear strain” values derived from mechanical (εqlm) and electrical (εqle) data processing for 

specimens in z direction. The ratios between those quantities are reported as a proof of the goodness of the procedure. 

z εqlm εqle εqlm/ εqle 

control 0.048±0.005 0.053±0.008 0.900 

Silver 0.050±0.002 0.064±0.014 0.774 

Graphite 0.058±0.006 0.050±0.026 1.176 

TEGO 0.046±0.005 0.046±0.008 0.999 
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3.3.4 Conclusion 
 

This work demonstrates that a DLP based technique, working with visible blue light 

and IR, can simultaneously reduce a silver salt to generate in situ AgNPs while polymerising 

the liquid monomer into a solid matrix. The DLP process usually does not have the power to 

reduce the silver salt that has to be post processed thermally or UV after the printing step. 

The addition of a contextual thermal treatment, supplied by the IR irradiation during the 

process, has the function to help this process avoiding any reduction post-treatment. 

Moreover, the silver salt selected, silver methacrylate, allows to obtain a homogeneous 

nanocomposite material without extractable by-products. The absence of by-products makes 

the silver nanocomposite potentially eligible for applications in delicate sectors like 

biomedical and food packaging. Another interesting aspect of the process is the very short 

printing time given by the DLP system united with the possibility to use very high layer 

thicknesses (here 250 microns was selected, but the machine can operate even on millimetres 

if required). 

The electrical properties of the base matrix are increased by all the fillers at least of 

one order of magnitude and by almost 150 times in the case of TEGO. This approach, if 

pushed further with higher filler contents and better performing homogenisation and 

dispersion strategies, can produce even stronger increases in the conductivity. Here, the 

bases of a new conductive 3D printing material and technique are posed. 

The electrical data measurement contextual to the compression testing was all 

homemade and prototypal, as well as the whole printer system. The method developed to 

process mechanical and electrical data has been developed specifically for this experiment 

and brought to a new way to correlate mechanical and electrical data during compression to 

find the “zero strain” point in condition of quasi linearity where the standard cannot be 

applied because of non-ductile behaviour of the material. 

A study on the differences between xy and z testing direction has been also carried 

out for compression and electrical properties. 
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3.4 “Failures” (that is opportunities) 
 

Not always everything goes as it should. It can happen that the expected results do 

not come, or that they turn out to be very different from the desired ones. Even if such 

eventualities can look as failures, they can also be precious opportunities to improve, learn 

and maybe correct the hypotheses and finally eventually succeed. 

 

3.4.1 Silver nitrate in situ reduction 
 

Silver nitrate was tried as a silver nanoparticles precursor salt. After the good results 

obtained with silver acetate [135], the preliminary tests with polymerisation under UV lamp 

showed that silver nitrate was able to dissolve completely into water that could have been 

added to the liquid PEGDA to form an homogeneous solution, avoiding the visible phase 

separation occurring when using silver acetate. The homogeneous solution could have been 

the basis for a much more homogeneous and stable dispersion of the salt and consequently 

of the AgNPs. Nonetheless, it was observed that when the silver nitrate and PEGDA 

formulation was processed through SLA, the light intensity was not able to in situ reduce the 

silver salt to metallic silver nanoparticles, and the crystalline phases, evidenced by the XRD 

characterisation, were mainly silver salt or silver oxide, with just a small presence of reduced 

metallic silver (Figure 88). The XRD analyses were repeated after thermal and UV post 

treatments, but with no better results. 

The problem with the reactivity of silver nitrate was the opportunity to better test 

other silver salts and develop a method to synthesise silver acrylate and methacrylate. The 

addition of these salts brought to the creation of nanocomposites where silver nanoparticles 

were reduced and well dispersed, while the matrix was free of by-products as acrylic and 

methacrylic parts of the salt can react with the acrylic resin formulation, as opposed to the 

nitrate one. 
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Maybe using different machine with different laser power or providing more suitable 

post-treatments or even different monomers, can result in a stable and complete reduction 

also of the silver nitrate. This can be the object of future experiments. 

 

 

Figure 88: XRD diffraction pattern of an untreated samples right after SLA process, the silver nitrate is 

largely unreacted or oxidised, with just traces of metallic silver 

 

3.4.2 TEGO compatibility and dispersion issues 
 

TEGO graphene is potentially an outstanding filler. It has almost the same properties 

as graphene, but without the cost of it. In fact, the process to obtain it is less complex and 

expensive. The results obtained with this filler are good for the enhancement of electrical 

properties but poor for the increment in mechanical ones. It is largely reported [157–159], the 

use of graphene as a filler that enhances the mechanical properties. In the work carried on in 

this doctorate, it became evident that the problem with TEGO graphene is the 

compatibilisation with the matrix. Once the interfacial issues are solved, then the material 

that can be obtained should get much better properties. The dispersion and homogenisation 

are also critical, together with the modification of the interface; a strategy must be developed 

to increase the dispersability and stability of TEGO inside the liquid monomer to avoid 

agglomeration that inevitably decrease mechanical properties and the efficiency of the filler 
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itself. In Figure 89 (b) and (c) the poor dispersion is visible in the small black dots of 

aggregated TEGO. 

 

 

Figure 89: TEGO filled samples at different concentration (a) unfilled, (b) 0.005%, (c) 0.01%, (d) 0.05%, (e) 

0.1%. at low concentration (b, c) the small black dots are the visible aggregates 

 

3.4.3 Graphene synthesis inside monomer 
 

To solve the interface issues between graphene and the liquid monomer, an attempt 

to synthesise graphene directly in situ inside the liquid monomer was tried. Starting from 

graphite it was tried to obtain graphene through prolonged ultrasound treatment directly 

inside the acrylic matrix (in that case PEGDA). The exfoliation of the graphite provoked by 

the ultrasound should have generated graphene sheets with less interfacial issues with the 

monomer because generated directly inside it. The treatment was carried in ice bath to 

prevent heat induced polymerisation and after 2.5 hours a well dispersed graphite-monomer 

mixture was left overnight with no stirring. The day after the PEGDA 250 dispersion was 

precipitated and clear again with the graphite deposited in the bottom, while the PEGDA 700 

was still black, probably because of the higher viscosity. The method should be improved 
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and further tested. A different, more viscous, monomer and a more powerful and prolonged 

ultrasound treatment must be tried. The results must be characterised in deep to see if it is 

possible and convenient to in situ generate graphene starting from a graphite dispersion in 

the base monomer. 

 

3.4.4 Partial-contact models: a no-success story (see section 2.2.2.4.1) 
 

The partial-contact models are an attempt to determine quantitatively the mechanical 

partial contact in the early stage of the compression test by correlating it with the information 

gathered from the electrical conductivity increase. Several models have been identified and 

tested trying to match the data. Unfortunately, none of the models fitted the data with the 

desired accuracy: the partial contact can be observed electrically, but further research is 

needed to find the proper model. 

 

3.4.5 Copper 
 

Attempts were made to substitute silver with copper in the development of SLA 

processable nanocomposites. Copper was chosen for its lower cost and greater conductivity, 

together with its high antimicrobial activity. Initial tests under UV lamp were carried out to 

evaluate the reducibility of the copper salts under UV. Copper salts were found to be more 

difficult to reduce and very unstable in the reduced state because it has a strong tendency to 

re-oxidise as illustrated in Figure 90. Every solution tried, also the one illustrated in the 

following figure, was stirred to obtain homogeneous dispersion of the salt particles into the 

ethanol. Dispersion was than irradiated for 1 to 60 minutes to see colour changes subsequent 

to the copper salt reduction. After every irradiation step the solution was yellow and limpid 

at the top while still blue and opaque at the bottom, so it was necessary another stirring step. 

The process is carried out until the solution turns completely yellow and clear with no blue 

residues or salt particles. In Figure 90 the solution reaches the yellow clear state after 30 

minutes, no changes between 30 and 60 minutes of UV treatment can be determined. The 
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solution is than kept still overnight for 12 and 24 hours and turns completely blue again (but 

with no opacity) in a stable re-oxidised state. 

The FTIR characterisation (here not reported) evidenced higher peak values for the 

copper salt than for the metallic copper, confirming the inefficacy of the treatment under UV. 

 

 

Figure 90: copper nitrate 0.01 M in 10 ml EtOH, Ir 819 0.02 M, ethanolamine as reducing agent 0.04 M, 3 

minutes ultrasonic dispersion of the salt, 1 to 60 minutes UV lamp. 

 

3.5 Future perspectives 
 

The research effort never reaches an end, there are always new way to improve and 

combine the results obtained. Hereafter some ideas to further develop this thesis are 

presented. 

 

3.5.1 Variation in the filler concentration, addition and combination of 

different fillers 
 

The work here presented could be implemented and further developed considering 

the effect of the variation of the filler concentration, the addition of other fillers and the 

combination of different fillers. Percolation effects could be reached with higher TEGO 

percentages and better dispersion or even substituting the TEGO sheets with carbon 

nanotubes (CNTs). The different functionalisation given by the fillers could be combined 

together following the specific requirements of the applications, so electrical conductivity 

could be combined to antimicrobial activity adding to the silver nanoparticles a certain 
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amount of reduced graphene oxide (rGO). Not to be excluded a synergic effect on the 

enhancement of properties of the combination of different fillers. 

 

3.5.2 The variation of process parameters 
 

An interesting aspect to be considered, is the influence of the technological 

parameters on the production of the composite materials. The reaction occurring are deeply 

connected to the process parameters involved, such as light intensity or laser scanning path 

and speed. Some reactions that do not start or are not completed by one technology with 

certain process parameters can be fully accomplished with other process parameters or 

different VP technologies. 

 

3.5.3 GO: in situ photo-reduction to enhance conductivity 
 

As already seen, the major limitation occurring in the preparation of TEGO 

composites is the compatibilisation between filler and matrix. The graphene is strongly 

hydrophobic and does not mix well with the tested monomers, on the contrary graphene 

oxide (GO) is hydrophilic. The addition of graphene oxide to the liquid formulations should 

be easier and it can also be favoured by the dispersion of the filler inside water as preliminary 

compatibilisation strategy. Once inside the formulation, GO should be reduced in situ with 

the same approach used to reduce silver salts, exploiting the same light source that supplies 

the energy for the polymerisation. This approach could guarantee a better dispersion and 

homogeneity of the filler, together with a simultaneous reaction approach capable to convert 

a non-conductive filler (GO) into a highly conductive one (rGO). 
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Conclusion 
 

This thesis presents the work done during the doctorate studies of the author. Even if 

the research was funded for a specific project concerning the connection between additive 

manufacturing (AM) and automotive, it has been tried to maintain a certain degree of 

generality, and applications have been found also for other industrial sectors.  

More specifically, the purpose of the work here reported was the design, 

development and characterisation of nanocomposite formulations to be processed through 

AM, with a focus on the automotive sector. Nevertheless, not only nanocomposite, but also 

single monomer property-changing unfilled materials and microcomposites were 

developed. The family of AM technique chosen is the vat photopolymerisation (VP) 

processes. VP works photopolymerising liquid formulations to obtain solid 3D objects with 

the maximum level of accuracy with respect to the others AM techniques. Together with 

commercial SLA printers, a prototype stereo-thermo-lithographic printer (STLG) was set up 

and successfully tested in a configuration never used before. Furthermore, a completely 

novel characterisation technique and equipment used to combine information from 

mechanical compression to electrical conductivity testing, was designed and produced. This 

equipment, and the software developed upon it, allowed a better understanding of the 

material properties and a deeper connection between mechanical and electrical properties. 

A new simple method for the preparation of photopolymerisable acrylic resins with 

tuneable mechanical and viscoelastic properties is presented. The process does not involve 

any chemical modification of the base monomers and not even the addition of different 

monomers, the tuning is obtained by the simple blending of different molecular weight 

monomers. In this case the two monomers used were PEGDA 250 and PEGDA 700. The 

results showed a wide spectrum of properties: glass transition temperature was ranging from 

-30 to 60 ° C, while elastic modulus can take values from about 20 to 700 MPa. 

A novel simultaneous SLA process of photo-polymerisation of a mixture of acrylic 

resins and contextual silver nanoparticles formation is presented. The formation of silver 

nanoparticles is activated by the in situ photo-reduction of silver precursor salts with carbon-
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carbon double bonds (C=C) such as silver acrylate and silver methacrylate. The adoption of 

these kind of salts, capable to interact with the acrylic monomers and take part to the 3D 

crosslinking process, avoids the downside of having to deal with by-products release that 

can compromise the adoption of these materials for specific and delicate kinds of application 

(e.g. biomedical, healthcare and all the application in contact with the human body). The 

addition of a small amount of filler, between 0.5 and 2% of silver nanoparticles, has a good 

impact on the mechanical and viscoelastic properties. It has the effect to increase the Tg by 

even more than 10°, the Young’s modulus from about 70 to more than 150 MPa, the UTS can 

be increased to 150% of the unfilled value, the elongation at break decrement, due to the 

increment of fragility expected for any filled sample, can be limited to less than 25%, the 

storage modulus at 60°C increases from 65 to 140 MPa. 

A prototype STLG printer was set up in a never before experimented configuration 

with a double visible and IR radiation. This DLP based double system was capable to fully 

cure the polymeric matrix and simultaneously reduce silver precursor salt to metallic silver, 

as previously reported for SLA. The photoreduction of silver salts to metallic silver was never 

attested in a contextual in situ process on a DLP system, the energy provided is normally too 

low to polymerise and photo-reduce the salt. The addition of a second radiation and the 

direct control of all the process parameters are key factors to induce this photoreduction 

during the printing process. Other systems were tried on this STLG printer, in particular two 

carbon based systems: a microcomposite with graphite flakes and a nanocomposite with 

thermally expanded graphite oxide (TEGO), a highly-reduced graphite oxide that is 

thermally exfoliated to become a sort of less expensive graphene. This conductive filler can 

increase by two orders of magnitude the electrical conductivity even at low percentages 

(0.1% wt.), the same filler content of micrometric graphite was able to increase conductivity 

by one order of magnitude only (having almost the same effect as silver, which however was 

present in the much higher concentration of 0.5% wt.). 

The projects reported brought all to the development of 3D formulations with good 

stability and printability, they can reach high or total degree of cure right during the VP 

process. Nevertheless, a set of different post-treatment were specifically adapted to each 

material and process, where needed. Procedures were proposed and applied for the 
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synthesis of silver precursor salts to act as precursor of silver nanoparticles, for monomer 

combination and choice, and matrix preliminary tests and optimisation. 

Some of the inevitable obstacles and hitches occurring during a three-year-old 

doctorate were also reported to analyse them and learn from them in a way that can bring to 

eventually solve them or at least do not repeat them. Obstacles are perfect teachers and can 

give the opportunity to improve and find better solutions to the problems occurring during 

research activities. 

Moreover, some possible future developments of this thesis project were reported as 

suggestions for further investigations on this interesting and evolving research field. AM is 

a market on tremendous expansion having tripled its turnover in the last three years, and 

forecasts are reported of further increments of the same nature in the next years. 
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