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Summary  

 Additive manufacturing (AM) or 3D printing, is a three-dimensional 

fabrication technique in which a model designed by Computer Aided Design 

(CAD) is built layer-by-layer. The fabrication technologies based on AM are able 

to make complex geometries that cannot be created using traditional 

manufacturing process (i.e., forging, injection molding, etc.). 

 Nowadays scientific and industrial applications on 3D printing is rapidly 

growing up and, in parallel, is increasing the interest to develop novel printable 

materials especially for stereolithography (SL). The SL resins are epoxy or 

acrylate based monomers/oligomers, which undergo a cationic or radical 

photopolymerization. Inside those resins some fillers, e.g. carbon or silver 

nanoparticles, metal powders or composite polymers, are added to increase the 

electrical conductive properties. 

 One of the most employed conductive polymers, which registered great 

interest in recent years, is the poly(3,4‐ethylenedioxythiophene): 

poly(styrenesulfonate) PEDOT:PSS called Clevios
™

 PH1000. Its optical 

transparency, tuneable electrical conductivity and high flexibility, make this 

copolymer one of the most used from energy storage devices to electrochemical 

sensors. In this work, an electrically conductive resin based on acrylate matrix 

was developed, studied and characterized using the PEDOT:PSS particles 

precipitated from Clevios
™

 PH1000. 

 First steps consisted in understanding the composition of the Clevios
™

 

PH1000, and the possibilities to remove the PSS group using different treatments. 

Afterward, the dispersion of the PEDOT:PSS particles inside a Poly(ethylene 

glycol) diacrylate (PEGDA) resin was optimized and the surfactant and 
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PEDOT:PSS concentration to achieve e stable conductive resin for SL was 

studied. 

 The main part of the PhD research activity was dedicated to characterize 

the PEGDA:PEDOT resin and explore the possible applications in energy storage 

devices, gas sensing and finally for cell culture devices. 

 The PhD research activity on High Performance & Smart Manufacturing 

has been held at the Materials and MicroSystems Laboratory of Politecnico di 

Torino (ChiLab). 
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Chapter 1 

Additive manufacturing 

1.1  Introduction 

 Manufacturing technologies can be actually divided in three groups: 

―Subtractive Manufacturing‖, such as etching, milling or erosion, ―Formative 

Manufacturing‖, such as casting or forging, and finally ―Additive Manufacturing‖ 

like filament deposition, laser sintering and stereolithography.[1][2] 

 In particular, ―Additive Manufacturing‖ (AM) is a fabrication approach to 

make 3D physical objects using a layer-by-layer deposition through material 

extrusion, vat photo-polymerization, powder bed fusion or material jetting.[3][4] 

 Is not exactly clear when the first patented concept about the AM was 

initially claimed. However, in 1952 Kojima[5] demonstrated the benefits of 

layered manufacturing processes. Subsequently, between 1960 and 1980 a large 

number of patents and demonstrations was produced[6][7] to confirm the idea of 

producing a 3D object using a layer-by-layer deposition.  

 ―Rapid Prototyping‖ or ―Generative Manufacturing‖ was the name of the 

AM approach when started to enter the market around 1987, however the first 

systems becoming accessible only early 1990.[8][9] 

 The AM technologies have radically changed the approach of the standard 

manufacturing industries producing high levels of design complexity, device 

customization and production flexibility. 

 

 

1.2  Additive Manufacturing technologies  

 Actually, with the modern 3D printing technology is possible to print 

different types of materials like thermoplastics, metals, ceramics and graphene-

based composite materials.[10][11] The advanced technology based on 3D 

printing can revolutionize industries and change the production systems. In fact, 
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using the 3D printing technology it will be possible to increase the production 

speed while reducing manufacturing costs, because the production system will be 

located near the consumer, allowing for a more sustainable, rapid, and flexible 

manufacturing process. 

 Nowadays a large number of 3D printing technologies are present on the 

market. Depending on the printing process these technologies can be classified in 

four groups (Figure 1): binding (material jetting or binder jetting), fusion 

(selective laser sintering or selective laser melting), fusion and solidification 

(fused deposition modelling) and polymerization based (vat 

polymerization).[12][13][6] 

 

 

Figure 1: Classification of AM processes.[14] 

 

 According to ASTM Standards, binder material jetting is defined as a 3D 

printing process in which drop by drop powder material is selectively deposited 

and melted using a binder polymer.[14] The main components in this equipment 

are the printhead and the ultraviolet lamp. The first is used to dispense small 

droplets of a polymers, ceramics, composites, biological and hybrid materials that 

are solidified, building a part layer-by-layer using a photopolymer binder.[15] 

This technology offers the advantage of fast-build speeds, but with a low accuracy 

and mechanical  properties as some other additive processes.[16] 

 The main technology used in aereospace and automotive industries is 

based on powder bed fusion process.[17] This technique allows melting or fusing 

the material powder together using an electron beam or laser source. For these 

reasons a huge number of systems, i.e. the electron beam melting (EBM), 

selective laser sintering (SLS), selective laser melting (SLM) and selective heat 

sintering (SHS) printing techniques, are present in literature.[18][19] Another 
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similar 3D printing process is based on directed energy deposition. In this case a 

nozzle that can move in multiple directions ejects metal powder that is melted by 

a laser source.[20] Usually this technology is used to repair or add additional 

material to existing parts. For powder bed fusion processes no post-processing is 

required to remove the excess material and no support structures because the 

excess powder in each layer constitutes as a support to the piece under 

construction. 

 One of the most important 3D print technologies is based on material 

extrusion (or fusion and solidification process) as the Fused Deposition Modelling 

(FDM), which is the first historic example of a material extrusion system. With 

this technique is possible to extrude, using a narrow nozzle, different types of 

thermoplastic materials. With these technologies is possible to print a wide range 

of thermoplastic polymers: polyphenylsulfone (PPSF), polycarbonate (PC), 

acrylonitrile butadiene styrene (ABS), and Polylactic acid (PLA). Furthermore the 

3D printing extrusion is employed to print multi-materials like food or living 

cells.[21] The printing extrusion process is able to fabricate functional parts, 

easily and safely with good mechanical properties and high reproducibility.[22] 

For these advantages, the extrusion process holds the great part of 3D printing 

market with a very low production cost. 

 The vat polymerization is the last main class of 3D printing techniques  

that uses photo-reactive polymers which are cured with a light source.[23] There 

are two main, versatile and cost efficient 3D printing techniques in vat 

polymerization: the stereolithography (Stereolithography Laser Apparatus – SLA) 

and the Digital Light Processing (DLP). Both exploit a photosensitive resin that is 

mixed with a specific photoinitiator, dyes, pigments or other fillers and a specific 

laser source to print complex forms with an excellent resolution as compared to 

other printing techniques.  
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1.3  Additive Manufactuting applications in 

micro&nanofabrication 

 In the last 10 years several new additive manufacturing technologies have 

been proposed to support micro and nanofabrication.[24][25] 

 The integration of micro and nanotechnology with AM has the potential to 

overcome some of the technological limitations of standard fabrication systems. 

Indeed, it‘s possible to develop a new generation of devices combining new 3D 

printing physical methods and composite smart materials.[26] For example, 

printed electronic and optoelectronic devices using a direct ink writing system. 

 Another interesting field is the sensing domain i.e. creating an embedded 

capacitive[27] or strain[28] or chemical sensor.[29][30][31] All these approaches 

employed different AM technologies types showing the possibility to improve 

some limits in the standard 2D systems. 

 Furthermore the conductive performance of energy storage devices such as 

batteries and supercapacitors, can be improved modifying the architecture of the 

electrodes active surface.[32][33][34] 

 Combining AM and Micro&Nanotechnologies it is possible to provide a 

better mimic of cell microenviroment for biomicrofludics and tissue 

engineering.[35][36][37] 

 Despite various literature examples of connection between AM (allowing 

to reduce design and manufacturing costs) and Micro&Nanotechnology (able to 

improve devices performances), we are still far away from the commercial 

success of 3D printing applied to Micro&Nanotechnology.  

 

 

1.4  Light-cured printers 

 The vat polymerization is a 3D printing technique where a photopolymer 

resin contained in a tank is selectively cured by UV light. In vat polymerization 

the excess material needs to be rinsed off after the printing process, moreover it is 

useful to perform a second curing phase under ultraviolet light or oven at 40° C to 

fix the polymer structure. 

 The stereolithography apparatus (SLA or SL) and the DLP (Digital Light 

Processing) are the main printing techniques belonging to vat polymerization 

(Figure 2). Actually, SL and DLP offer the best compromise between surface 

quality and printing resolution in AM field. 
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Figure 2: Vat photopolymerization: A) DLP in which a layer of resin is cured by a pattern generated 

using a projector, B) and SL where the pattern is produced by a scanning laser beam. 
 

 

 The stereolithography process involves a layer-by-layer curing of a 

photopolymer using a laser source. Between each layer the build platform 

submerges deeper into the resin tank and after a laser scan across its surface 

inducing a photopolymerization process. 

 One of the first patent that describes the SL process was issued by Kodama 

in 1981; he showed the possibility to print a 3D model in layered stepped stages 

using a photocurable polymer.[38] In this automatic system, applying a physical 

mask or moving an optical fiber using a plotter stage it was possible to direct the 

laser spot onto the vat surface. 

 The SL print process was invented by Chuck Hall in 1983 (Figure 

3).[39][40] The Hall‘s machine sweeps a laser above the surface of a tank where a 

UV photocurable polymer becomes hard. 

 

 
Figure 3: The first SL system launched in 1987.[41] 
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 In SL, the laser energy induces a chemical reaction, bonding a huge 

number of monomers producing a hard cross-linked polymer. Each sweep of the 

laser traces the contour of planar section layer-by-layer. After each laser step, a 

motorized printing area is lowered a fraction of a millimetre in a resin tank. Then 

a few microns of fresh resin is spread on previously polymerized structure. In 

Figure 4 a simplified workflow of the SL printer is reported. 

 

Figure 4: Flow chart of the stereolithography building process.[40] 

 

 In 1987, Ciba and the Hall‘s company produced the first generation of 

acrylate resins that represent the largest part of the current market of 3D printing 

resins.[42][43]  

 The Digital Light Processing technology uses a light source positioned 

below the resin tank containing the photopolymer liquid. Layer-by-layer, few 

microns of fresh photopolymer cover the cured structures after each consecutive 

immersion of the platform into the resin vat. 

 In 1996 the first DLP concept was proposed by Nakamoto and Yamaguchi 

using physical masks.[44] One year later, employing a liquid crystal display 

(LCD) as the dynamic mask generator, a new DLP system was developed by 

Bertsch.[45] 

Actually the DLP system uses a digital micromirror device (DMD
®
)to project a 

2D image inside the resin tank; with this type of light source the whole layer is  

simultaneously cured in a few seconds. 
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Although the DLP technologies offer a good compromise between time and 

surface quality, it has still several disadvantages i.e. the rheology of the 

suspension, the cleaning process and the resolution quality.[46][47] 

 The main difference between DLP and SL is the type of light source which 

can be a projector or a laser beam. The SL technology uses ultraviolet (UV) laser 

and material is cured point by point, while the DLP technology uses a light 

projector and at the same time, a single layer is cured. 

 In vat polymerization the surface profile, the size of the minimum feature 

and the printing time are strictly related to the employed light source. For this 

reason the SL technology can produce parts with high surface quality with micron 

resolution.[48] 
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Chapter 2 

Photopolymers 

2.1  Introduction 

 Polymers are molecules made up by the repetition of some simpler units 

called monomers. Polymers are classified in two big classes: natural and 

synthetic. Natural polymers like proteins, polysaccharides, nucleic acids, natural 

rubbers, cellulose, etc. result from natural biosynthesis. Synthetic polymers are 

chemicals based on crosslinkable monomers, like saturated macromolecules (i.e., 

thermoplastics) or unsaturated polymers (i.e., rubbers). In this case the 

macromolecule used derived from petroleum oil.[49][50] 

 Actually the blend polymer is one of the most interesting class of polymer. 

Blend polymers are a combination of two or more constituent materials/polymers, 

which can have notably different physical or chemical properties. In general, they 

are made with a matrix/bulk and a filler, which however cannot be distinguished 

at macroscopic level. Many different types of fillers are present in literature[51] 

and a large part of them are used to enhance mechanical or physical properties of 

the matrix.  

 Using inorganic or organic nanomaterials (filler) it is possible to change 

the polymer microstructure, increasing or decreasing specific blend properties. 

 The most common nanomaterials classification is based on their different 

shapes, i.e. nanofiber, nanoflake, nanorod, nanofilm, and nanocluster 

types[52][53] Figure 5. 

 

 

 

 



9 

 

 

Figure 5: Synthesis routes, nanospheres, nanoplates, nanoprisms, nanorods.[54] 

 

 

2.2  Photopolymerization 

 All the objects produced by SL process are based on a photocurable resin. 

Typically, these materials consist of acrylate polymers (epoxy or oxetane hybrid 

formulations) which can be combined with other functional materials obtaining a 

blend polymer. The photopolymerization is a light-induced reaction. In this 

process an appropriate photoinitiator (PI), that is able to adsorb a specific 

frequency of the light energy, converts a monomer solution into a solid polymer. 

The PI is a light-sensitive material that has a good thermal stability, and it‘s able 

to produce an active specie under visible, UV or infrared light irradiation.[55] 

Based on the nature of generated active species (radicals or cations) the PI are 

subdivide into two corresponding main classes. 

 Usually the PI has a high quantum yield in the generation of the active 

moieties and is highly soluble inside of polymer matrix.[56] 

 The free-radical photopolymerization mechanism can be summarised 

according to the following three different reactions: 

 1) Initiation:    
     
→             

Initiation: the free-radical initiator (I) is activated with light (hv) and the 

monomer is induced to form an active specie (  ). 
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 2) Propagation:           
 
             

Propagation: the initiator fragment reacts with a monomer molecule t (  ) 

to form the first active product (    ) that is capable of being 

polymerized. Then the other monomers continue to add in the same 

manner (RMM) resulting in the formation of macroradicals, which are end-

active polymers. 

 

 3) Termination:                     

Termination: is the final step during which the growth center (       ) 

is deactivated and the final polymer molecules are formed. 

 After the photopolymerization a postcuring of the sample is usually 

performed through UV light, rather than heat, to complete the reaction and favour 

solvents evaporation. 

 Depending on the specific requirements i.e. material‘s properties, feature 

definition, resolution and surface topologies, is necessary to choose carefully 

matrix, filler and photoinitiator. 

 

 

2.3  Conductive polymer 

 Conductive polymers (CP) are one of the most important classes of 

organic polymers able to conduct electricity. Initially the conductive polymers 

was composite materials and they were obtained by adding carbon black or 

acetylene black to natural rubber, later introducing metallic powders in plastics. 

Subsequently the effect of more parameters which are able to influence the CP 

properties was studied, i.e. concentration of conducting filler, filler matrix 

interaction, mixing effect and charge transport.[57][58][59] A large plethora of 

nanoparticles in CP blend was study i.e. CNTs[60], graphene[60], graphene 

oxide[61], metal nanoparticles[62] and a new class of intrinsically conductive 

polymers (iCP).[63] 

 The first synthesized iCP was polythiophene and polyphenylene in the 

Plastics Research Laboratory of BASF in Germany. These polymers showed 

electrical conductivities of up to 0.1 S/cm.[64]  

 The conjugated polymers such as polyaniline(PANi), polythiophenes 

(PTs), and polyacetylenes in pristine state are insulators or semiconductors and 

their electrical conductivity is around 10
−10

 to 10
−5

 S/cm.[65][66] 

 The iCP properties can be controlled changing the preparation methods or 

the nature of inorganic materials embedded inside. 

 The iCP can be synthesized chemically or electrochemically. The first 

synthesis method either use addition polymerization or condensation 

polymerization and provides several different ways to synthesize a variety of 

iCPs. The chemical synthetization also allows the scale-up synthesis of these 
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polymers. However, electrochemical synthesis is relatively straightforward and, 

therefore, commonly used for manufacturing iCPs.[67] Furthermore the polymers 

conductivity can be enhanced by chemical or electrochemical doping (p-

doping(oxidation) or n-doping(reduction)).[68] In particular for polyacetylene the 

conductivity could be increased by several orders of magnitude by "doping," 

using an addition of electron acceptors (p-type) such as iodine or arsenic 

pentafluoride and by the addition of electron donors (n-type), such as sodium or 

sodium naphthalide.[69] 

 

 

2.4  PEDOT:PSS 

 Thiophene (TH) is an electron-rich aromatic ring and belongs to 

heterocyclic compound family. A TH ring, with the formula C4H4S, contains five 

membered ring made up of one sulphur as heteroatom (Figure 6). The first 

chemical preparation of unsubstituted polythiophene (PT) (with low molecular 

weight) was achieved in 1980 by two groups[70][71] using a policondensation 

reaction; however the product reaction was found to be insoluble[72][73]. 

Subsequently the poly3,4-ethylenedioxythiophene (PEDOT), which is one of the 

most important PT polymers, was develop by BASF in 1991.[74] Furthermore the 

polymers containing thiopenes are able to convert the cyclohexadiene from 

quinoidal to a benzene structure when the benzenoid thiophene is oxidized.[75] 

This means that the conductive structure will be very energetically stable. 

 The PEDOT (doped with FeCl3) gave a conductivity around 0.62 S/cm  

and a good chemical stability, however it was mostly still unsoluble.[76] The 

water solubility has been achieved using a chemical polymerization in poly-

(styrenesulfonic acid) (PSS) solution. With this synthesis process, a PEDOT:PSS 

water emulsion was obtained.[77] This polymer blend show conducting grains in 

a PSS matrix (Figure 6).[78] 

 The main application of PEDOT:PSS is in electronic devices such as 

transparent electrodes for electrostimulation or sensing. A large variety of bio-

electrode coatings, electrochemical sensors and supercapacitor have been widely 

investigated in recent decades.[76] 
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Figure 6: A) Thiophene chemical structure. B) PEDOT:PSS chemical structure 

 

 

2.5  Photocurable conductive resin 

 Although a plethora of conductive polymer composites(CPCs) are reported 

in literature, in SL field there are not many examples. Actually the matrix 

polymers are poly-acrylate derivatives, where the C=C bonds in vinyl groups 

crosslink with different monomers, and the electrically conductive fillers usually 

are organic materials or conductive polymers or metal nanoparticles.[79] 

 Carbon-based materials are functional nanofillers that have been widely 

studied in many fields. The allotropic conductive forms of carbon have several 

applications in the SL printing.[80][81][82]  The most exploited are carbon 

nanotubes (CNT)[83][84] or multi wall carbon nanotubes (MWCNTs)[85][86]. A 

MWCNTs mass fraction of about 0.2 wt. % allows an electrical conductivity of 

0.01 S/cm, however, the achieving material has a fragile behaviour.[87] 

 Usually other fillers are metal particles i.e. silver nanoparticles (AgNPs), 

which can be mixed[14] or local synthesized [15] on different materials, making 

stretchable three-dimensional circuits or electrical track, with a conductivity 

around 125 S/cm. Though this material have interesting electrical properties this 

technology is very expensive and require an ad-hoc setup.[88] 

Metal alloys such as palladium/silver-copper (PdCu)/(AgCu)[89] and metal 

oxides nanoparticles like barium titanate (BaTiO3)[90] are also employed to 

induce conductive pathways on the final object. In this case the conductivity 

achieved with these nanomaterials is around 5,84 kS/cm however this production 

process requires a strong chemical etching and multiple fabrication steps. 
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 Nowadays conductive polymers (iCP) as pyrrole, aniline or thiophene 

derivatives can be integrated in not conductive materials during the SL process. 

The polypyrrole (PPy) is embedded in urethane dimethylacrylate[91][92] polymer 

obtaining 0.01 S/cm. Also the Polyaniline (PANI) polymer that can be conjugated 

with poly vinyl alcohol (PVA)[93] or gelatine methacrylate (GelMA) to get a 

conductive material granting 17 S/cm.[94][95] Although PEDOT:PSS is widely 

used for different applications like solar energy[93], tissue engineering[93] and 

sensing[96] there are not examples in literature of PEDOT:PSS based blend 

polymers for SL application. 

 In this PhD thesis a photocurable resin based on PEDOT:PSS was 

developed using a Poly(ethylene glycol) diacrylate (PEGDA) matrix. 
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Chapter 3 

PEGDA:PEDOT conductive resin  

3.1  Stereolithography printing machine 

 In this work an open source stereolithography machine (Figure 7)[97] was 

used, where the printing area, the laser scan velocity, the energy and other optical 

and electronic parameters can be customised. Furthermore, in this equipment is 

possible to change the resin vat and the working area (Figure 7). Actually, the 

maximum printable area is 170×200 mm
2
. Furthermore, the printer is equipped 

with a recoater to remove the resin excess on the working area (Figure 7). 

 Two important parameters control the printing process: power and velocity 

of the laser beam scan. The modulation of these two parameters allows the 

polymerization of many photoresins with different resolution.  

The SL optical path is composed by a laser source, a beam expansion section, a 

galvanometric scanner and a theta-lens. 

 In details, the system is equipped with a 405 nm laser source with a 

maximum power of 120 mW. The minimum and maximum laser speeds are 0.5 

mm/s and 2000 mm/s respectively. 

 The beam expander is placed after the laser source and it‘s able to expand 

an input light beam depending on its expansion factor driven by the characteristics 

of the two constituting lenses. A 5× expansion was chosen for this printer to 

obtain 7.5 mm diameter spot size at the galvanometric head input. 

 The system used to position the laser beam on a 2D plane is a 

galvanometric laser scanner, which is able to rotate two flat mirrors of a desired 

angle value (Figure 7). Some details about the galvanometric scanner are reported 

in table 1. 
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Mechanical data: 
 

 

Min spot diameter (µm)  ~ 80 

Beam displacement (mm) 12.4 

Weight (kg) Approx 0.8 

Dimension (L ×W × H  (mm)) 100.0 × 77.0 × 77.5 

 

Dynamic data: 

 

Acceleration time (ms) 0.23 

Writing speed (mm/s) 2000 
 

Table 1: relevant optical characteristics of selected galvanometric scanner are reported. 

 

 

 In this 3D printer the theta-lens was necessary to focuses the laser beam at 

the focal point. The theta-lens it‘s a precise telecentric lenses which minimize the 

distortion and make a laser beam incident almost perpendicularly to the working 

area. Indeed, the theta-lens ensures that the focal point is always positioned in the 

working plane and perpendicular to the objective's optical axis.  

In the employed printer a theta-lens focal of 260 mm was used to focalize the spot on 

the resin level.[98] 

 

 

 

Figure 7: Customised SLA printing machine: A) SLA mechanical system, B) SLA components. C) 

SLA printer completed enclosure. 
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3.2  Photoinitiator concentration 

 The viscosity of the liquid resin is strictly correlated molecular weight of 

the monomer used. Often the resin with high molecular weight has a high 

viscosity. For SL printer the high resin viscosity does not allow a uniform level on 

the top of the printing plates. On the other hand, if the viscosity is too low, the 

resin thickness will not be enough for the curing process. In some cases it is 

possible to adjust the resin viscosity using a proper diluent such as 1,6-Hexanediol 

diacrylate(HDDA), Propoxylated Neopentyl Clycol Diacrylate(NPG2PODA)[99] 

or poly(ethylene glycol) methyl ether methacrylate(PEGMEMA).[100] However, 

it is necessary to choose a proper photocurable polymer as a function of the SL 

printer. 

 In this work the Poly(ethylene glycol) diacrylate (PEGDA) with a 

molecular weight of 575 kDa or 250 kDa and the Irgacure 819 were chosen as 

bulk material and photoinitiator (PI) respectively. The matrix and the PI was 

purchased from Millipore Sigma (Burlington, MA, USA). 

 The Irgacure 819 or bis(2,4,6-trimethylbenzoyl)phenylphosphane oxide is 

one of the most used photoinitiators under which the UV light (the maximum 

absorption is at 370 nm [101]) source allows networks to form via free radical 

polymerization.[102] 

 Initially, the minimum concentration of PI inside the bulk matrix was 

studied preparing three different PEGDA 575 matrices with four different 

percentages of PI that are usually used in literature.[103][104] Previous research 

has established the possibility to modulate the mechanical properties of the matrix 

using different PI ratios. Using low or high concentrations, it is possible to obtain 

rigid[25] or flexible[26] materials.  

 Four PI quantities were employed as percentage of the PEGDA 575 mass: 

0.01, 0.1, 0.5 and 1% wt. The mixing process was performed with a digital 

sonifier at 30 kHz (Branson PG), working in impulse mode at 35% amplitude for 

15 minutes. To keep the mixture at a low temperature, it was cooled with ice 

water. 

 Samples were then printed using a SL printer (Chapter 3.1) with 5 mW 

laser power and 2000 mm/s laser scan velocity (Figure 8). 
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Figure 8: PEGDA 575 with 1, 0.5, 0.1, 0.01 % wt. of photoinitiator from right to left. 

  

 Mechanical measurements were performed using an Instron 3366 

dynamometer (Instron Corporation, Norwood, US) equipped with a load cell of 

500 N. All the tests were performed at room temperature using a crosshead speed 

of 1 mm/min. Three samples were tested for each IP concentration and their initial 

dimensions were 20 × 10 × 0.3 mm
3
. In Figure 9, the Young modulus of PEGDA 

575 with the different amounts of PI (0.01, 0.1, 0.5, 1% wt.) is reported. 

Increasing the PI concentration causes an increase in crosslink density and 

correspondingly higher material rigidity. 

 Therefore, the final material with less than 0.5% wt. of PI is crumbly and 

difficult to handle, while with 0.5 or 1% wt. the material has a stable Young 

modulus around 21 MPa and is mechanically consistent.  

 For all the following experiments, the maximum PI concentration, i.e. 1% 

wt. was chosen to obtain a hard PEGDA 575 after the printing process. 
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Figure 9: Young modulus of PEGDA 575 with different PI concentrations. 

 

 

3.3  Electrical measurement setup 

 In this work, some samples (0.5 × 0.5 × 1 cm
3
) were produced using a 

PDMS mold (Figure 10A). Figure 10B shows the PEGDA 575 samples and 

Figure 10C shows three samples of PEGDA 575 with 1% wt. PI  and 35% wt. of 

treated PEDOT:PSS. 

 The curing was performed with a UV lamp (Hamamatsu 

LIGHTNINGCURE Spot light source LC8) with an emission wavelength of 365 

nm for 5 minutes. 

 For all of the following experiments reported in this work, a 

potentiodynamic current/voltage instrument (Keithley 6430 Cleveland, US) was 

used to measure the material resistivity. The material resistivity ρ (Ω∙cm) was 

calculated following equation 1 where ‗R‘ is the ohmic resistance, ‗A‘ the cross-

section area (0.25 cm
2
) and ‗ℓ‘ the sample length (1 cm). 

 

Eq. 1      
   

 
 

 

 Before the electrical measurement, the two opposite smallest faces of the 

block sample were homogeneously covered with a silver conductive ink (RS Pro 

Silver Conductive Adhesive Paint). After the ink dried and 11 current/voltage 

values were acquired by applying a voltage from −1 V to +1V Figure 10D. 
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Figure 10: A) PDMS mold for samples preparation. B) PEGDA 575 with 1% wt. PI samples and 5 min 
under UV light (365 nm) C) PEGDA with 35% wt. of treated PEDOT:PSS samples. D) Electrical 

measurement setup connected to potentio-dynamic current/voltage instrument. 

  

 

3.4  Filler preparation 

 In this work the PEDOT:PSS (Clevios™ PH 1000, Heraeus) was chosen 

as conductive filler to develop an innovative printable conductive blend for SL 3D 

printing. 

 A huge number of published studies about the H2SO4 bath treatment as one 

of the most efficient methods to increase the conductivity of PEDOT:PSS. 

[105][106][107][108] Using an acid treatment it was possible to decrease the 

coulombic interaction between the positively charged PEDOT and the negatively 

charged PSS. Furthermore, it allows a conductivity enhancement of Clevios™ 

PH1000 because some PSS groups are removed[109][110] and the PEDOT chains 

undergo a structural modification (from random to linear arrangements Chapter 

3.8).[111] 

 For this reason the Clevios™ PH1000 was mixed with an H2SO4 solution 

(0.5 M) over night, obtaining a treated PEDOT:PSS slurry (Figure 11).  
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Figure 11: Overnight deposition of PEDOT:PSS slurry in H2SO4 (0.5 M). 

 After the sulphuric treatment is necessary to wash the PEDOT:PSS slurry. 

Ethanol and sulphuric acid (0.5 M) solvents were compared to enhance the 

purification and particles splitting up. An ultrasound titanium horn was used in 

pulse mode (5 seconds ON and 5 seconds OFF) with 65% to 70% of amplitude 

(Digital Sonifier, Model 250, Branson Ultrasonics Corporation, Danbury). 

 PEGDA 575 with 1% wt. of PI and 45% wt. of treated PEDOT:PSS 

fractionated using ethanol or H2SO4 provide 1×10
–2

 S/cm and 1×10
–3

 S/cm 

respectively (Figure 12). Then the ethanol was chosen as the appropriate solvent 

to purify the treated PEDOT:PSS, because it‘s low density helps to better suspend 

the filler particles. 

 

Figure 12: Conductivity comparison of PEGDA 575 with 1% wt. of PI, 5% wt. and 45% wt. of treated 
PEDOT:PSS that was suspended with two different solvents. 
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 After, it was diluted in ethanol and centrifuged for 15 minutes at 4000 

rpm. The supernatant was removed using an Pasteur pipettes and treated 

PEDOT:PSS was obtained. The maximum filler fraction achieved with this 

protocol is around the 39.6% wt. of the initial weight of Clevios
™

 PH1000. 

 In the end, the treated PEDOT:PSS was mixed to PEGDA 575 with 1% 

wt. of PI under magnetic stirring at 600 rpm for 5 minutes.  

 

 

3.5  Suspension study 

 To achieve a uniform blend dispersion, it is necessary to have a similar 

polarity with filler and matrix.[112][113] Furthermore, the blend polarity 

influences the viscosity and the blend homogenization. A high or low viscosity 

cannot allow a homogeneous recoating and spreading of the liquid resin on the SL 

working area. 

 To stabilize the filler suspension in matrix with high molecular weight, it 

can be helpful to use some surfactant inside the resin. 

 PEGDA has a negative low charge polarity.[114][115] The PEDOT:PSS 

polymer has the EDOT grains that are positively charged and the PSS ―shells‖ are 

negatively charged.[116] The PEGDA and treated PEDOT:PSS without the acid 

and ultrasound treatment are immiscible and produce a two-phase system[117], 

because they have two different phases: PEGDA was fluid in a water solution, 

while the treated Clevios
™

 PH1000 was a semisolid phase.  

 In other studies, many examples can be found of the mixture of resins with 

ceramic powders[118][119] or generally with nanoparticle dispersions.[120] In 

most of these approaches some dipolar aprotic surfactants or solvents have been 

used to enhance dispersion, stabilize and retard the precipitation process. A large 

plethora of polar solvents for PEDOT:PSS is available in literature.[121] In this 

work, two solvents and one surfactant were tested at the same concentration 

reported in literature i.e. 5% wt. The solvents and surfactant investigated were 

Dimethylformamide (DMF)[122][123], Dimethylsulfoxide (DMSO)[124][125] 

and TritonX-100 (Tx)[120][126] respectively. A Photorheometer (Physica MCR-

301, Anton Paar GmbH) helped determining the viscosity on three resin samples 

having the same PEGDA 575 (with 1% wt. of PI) and treated PEDOT:PSS ratio 

(1:1) without the ultrasound treatment. In this experiment the PEGDA 575 matrix 

and conductive filler had the same ratio because we wanted to investigate the 

maximum concentration that was possible to disperse inside the resin. 

Furthermore, in this experiment we tested the possibility of using the pure treated 

PEDOT:PSS fraction without the ultrasound treatment to achieve a conductive 

blend with a simplified process. 

 The viscosity measurements were performed at room temperature for all 

the experiments. The shear rate was varied from 0 to 100 s
− 1

 and the rheometric 

profile of viscosity vs shear rate of 3 samples were used to evaluate the resins 
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spreadability. The results show a shear thinning behaviour, which is well 

described by a power law model η(ẙ)=m(ẙ)
n-1

 (dashed lines in Figure 13). Here 

are the equation results: 

 

DMF   η(ẙ)= 127.1 (ẙ) 
-1.06

 

(Eq. 2)  Tx   η(ẙ)= 72.7 (ẙ) 
-0.98

 

DMSO  η(ẙ)= 28.4 (ẙ) 
-0.88

 

 

Figure 13: Rheological characterization: dynamic viscosity study of TritonX-100 (Tx), 

Dimethylformamide (DMF) and Dimethylsulfoxide (DMSO) at 5% wt. Blend composition: PEGDA 575 with 

1% wt. of PI and 50% wt. of treated Clevios™ PH1000. 

 

 For the SL printer it is necessary to have a blend resin with low viscosity. 

In this way there will be a perfect uniform layer on the working plate during the 

printing process. Comparing the equation results in Figure 13, the blend with the 

lowest viscosity, at the same shear stress ẙ conditions, was obtained with DMSO. 

For this reason, the DMSO was chosen as the appropriate suspension 

solvent.[127] 

 Subsequently, the stability of the resin blend was investigated. Four resin 

blend samples with different DMSO ratios were prepared (1, 5, 10 and 15% wt. in 

10 mL). Figure 14 shows the results of this experiment after 90 minutes. 

 Using a large amount of DMSO (10% wt. or 15% wt.), a significant 

fraction of resin was separated due to a possible overcome of critical micelle 

concentration (cmc) of surfactants that forces the particles to collapse and 

aggregate producing an unstable suspension.[128][129] While with low 

concentration (1% wt. or 5% wt.), the PEGDA 575 and treated PEDOT:PSS resin 

was stable for more than 90 minutes. Indeed, we found that the 5% wt. DMSO 
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resin stability was preserved up to 48 h and, even after sedimentation, a simple 

mixing (500 rpm for 5 minutes with a magnetic stirrer) was sufficient to 

regenerate a stable suspension. Furthermore, the resin with 5% wt. of DMSO 

showed a good printability with respect to the 1% wt. 

 Thus, the experiment suggests that 5% wt. is the optimum concentration of 

DMSO needed to create a hydrophobic environment around the treated 

PEDOT:PSS chain to stabilize the collapsed form. 

 

  

 

Figure 14: Surfactant study for PEGDA 575 with 1% wt. of PI and 50% wt. of treated PEDOT:PSS. 

 

 

3.6  Percolation threshold 

 The percolation threshold filler concentration was investigated considering 

the blend resin composed by PEGDA 575 with 1% wt. of PI, treated PEDOT:PSS 

with the ultrasound treatment and DMSO 5% wt. 

 The electrical conductivity of the blend resin containing different 

percentages of treated PEDOT:PSS is shown in Figure 15. As a general trend, the 

electrical conductivity variation versus the conductive filler loading followed a 

sigmoidal curve. In the beginning, a small PEDOT:PSS content yields a high 

resistivity, but adding small fractions of treated PEDOT:PSS, we obtained an 

asymptotic trend of the curve. We observed that the material conductivity become 

high at ∼25% wt. of filler loading, which a corresponding conductivity of 0.08 

S/cm. This is consistent with the value of percolation threshold (vc) that is 

estimated from a differential analysis on the fitting curve (R
2
 = 0.95, vc = 0.25). 

In this study, the percolation threshold was significantly higher when compared to 

other literature values around 0.02 or 0.05.[130][131] The reason lies in the size 

(length or diameter) of the employed filler (linear or complex chain). 
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Figure 15: Conductivity of the PEGDA 575 with 1% of PI, 5 % wt. of DMSO and 45% wt. of treated 

PEDOT:PSS samples at different treated PEDOT:PSS contents. 

 

 Above 25% wt. treated PEDOT:PSS in PEGDA 575, the blend resin 

conductivity increased monotonically and the highest conductivity of 0.06 S/cm 

was attained at 45% wt. of filler. 

 This highest amount of filler was close to maximum conductivity values 

(Figure 15) of treated PEDOT:PSS and pristine PEDOT:PSS material. 

Furthermore, a filler fraction percentage greater than 45% wt. would undesirably 

affect the mechanical behaviour of the resin and ultimately hinder its printability 

due to the high ratio of treated filler that increased the viscosity. 

 Therefore, PEGDA 575 with 45% wt. of treated PEDOT:PSS proved to be 

the best compromise between conductivity and printability. 
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3.7  Fourier transform infrared spectroscopy 

analysis 

 The micro or nanofillers can powerfully influence the UV curing process 

of photocurable blend. Indeed the size and shape of the filler fraction can induce a 

light scattering and shielding centres, which change the maximum cured thickness 

of the resin and the curing degree.[132][133] 

 The PEGDA:PEDOT resin photocuring conversion was checked by 

Fourier transform infrared (FT-IR) spectroscopy, using a Thermo Scientific™ 

Nicolet™ iS50 spectrometer (Madison, USA) in Attenuated Total Reflectance 

(ATR) mode. All spectra were taken by an accumulation of 32 scans with a 

resolution of 4 cm
−1

, in the spectral range of 4000–600 cm
−1

. The quantification of 

the FT-IR peak areas was carried out with Thermo Scientific™ OMNIC™ 

Software. In particular, the decreasing of the absorption band area related to the 

reactive functionality (stretching of C=C acrylic group of PEGDA centred at 1635 

cm
−1

)[134][135] was monitored. Specifically, the conversion yield was calculated 

from the ratios between the areas of this band and those at 1720 cm
−1

, assigned to 

the C=O carbonyl group[136] before and after polymerization, as reported in 

Equation 3.[137]  

Eq. 3             ( )  (  
     ⁄

        ⁄
)      

 

 Where A0 and A are the area of the absorption band of the reactive 

functionality before and after curing, respectively, while A0,ref and Aref are the 

areas of the C=O peak before and after curing, respectively. 

FT-IR analyses were performed on the flat surface of 3D printed samples in the 

form of small cubes of 1 cm
3
. Spectra were acquired on at least three different 

spots of a sample under the same conditions to confirm the reproducibility of the 

results. Finally, the average conversion value and the standard deviation were 

calculated and reported. 

 The photocuring reaction conversion of the PEGDA:PEDOT resin was 

evaluated by FT-IR spectroscopy in ATR mode, as a function of treated 

PEDOT:PSS concentration. A spectrum for each sample (i.e. liquid resin 

formulation, 3D printed solid sample and 3D printed solid sample after post-

curing) is reported in Figure 16A, B, C, D as an example. 

 Observing the spectra in Figure 16, it can be clearly noted that the 

absorption band centered at 1635 cm
−1

, which is due to the reactive C=C acrylic 

group of PEGDA 575, decreases with UV irradiation. In fact, such peak is 

lowered after the 3D printing process, and is further decreased after the post-

curing step. FT-IR ATR spectra were used to calculate the UV curing conversion 

occurring during 3D printing of the PEGDA:PEDOT mixtures, by monitoring the 

ratio between the areas of the acrylic band and that of the carbonyl group, 
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centered at 1720 cm
−1

, before and after UV irradiation. Results (in terms of 

percentage of acrylic C=C conversion) are reported in Figure 17. 

 

 

Figure 16: FT-IR spectroscopy of PEGDA 575 with 1% wt. of PI and A) 0% wt. B) 25% wt. C) 35% 

wt. D) 45% wt. of treated PEDOT:PSS  

 

 With the 3D printing process, conversions higher than 50% are obtained. 

In fact, the resin solidification occurs at UV doses well below full conversion. 

Thus, while the object shape is set by the initial exposure during 3D printing, 

conversion can be enhanced or completed by a post-curing step (i.e., an intense, 
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flood UV exposure). This stage serves multiple purposes, including exhausting 

any residual initiator and improving the physico-chemical properties and the 

stability of the 3D printed material. The resin conversion after post-curing is in the 

range 81–95 % (Figure 17). 

 The introduction of treated PEDOT:PSS filler slightly reduced the PEGDA 

575 conversion, as shown in Figure 16B, C, D. Even if a 10% decrease in the 

conversion degree of PEGDA 575 is obtained, it can be observed that its value 

remains constant by varying the filler loading from 25 to 45% wt. 

 In conclusion, independently on the treated PEDOT:PSS content, highly 

converted (>80%) samples were obtained after 3D printing and post-curing 

process: this result highlights the essential role of this processing step in 

producing reliable and manageable objects. 

 
Figure 17: Conversion yield of PEGDA 575 with 1% wt. of PI as a function of treated filler 

concentration. Data was obtained by FT-IR spectroscopy analysis on 3D printed models before and after the 

UV process. 

 

 

3.8  RAMAN spectroscopy 

 The previously postulated sulphuric treatment is able to replace the 

negatively charged PSS
−
 ion with the protonated acids PSSH derivative; in this 

mode, the PSS phase could be partially separated from the PEDOT chains. This 

reaction causes a conformational change in the PEDOT which is curled up in a 

coil structure in the pure PEDOT:PSS film.[138] 
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 The benzoid arrangement provides a coil structure, while the quinoid 

conformation provides a linear or expanded-coil structure (Figure 18). Then, using 

a specific treatment is possible to achieve all these structural conformations of 

PEDOT:PSS. 

 In the molecular structure transformation, a C−C single bond between two 

monomers has been replaced by a π bond, as shown in Figure 18. The quinoid 

conformation allows an extension of poly(3,4-ethylenedioxythiophene) chains, 

leading to an improved crystallized molecular arrangement.[139] 

 

 

Figure 18: Conformation evolution scheme of PEDOT:PSS caused by acid treatment. 

 

 The evaluation of the structural features of the Clevios
™

 PH1000 and 

treated PEDOT:PSS samples were conducted through Raman spectroscopy by a 

Renishaw inVia Raman microscope (Renishaw, UK) equipped with a Leica 

DMLM microscope with a 50× objective. The spectral resolution of the 

instrument is 1 cm
− 1

. 

 Raman spectra for these two materials are deconvolved with Lorentian line 

functions and are shown in Figure 19A, B. The spectra are acquired between 950 

and 1800 cm
−1

 and are normalized to the predominant feature at about 1440 cm
−1

. 
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Figure 19: Raman spectra of A) pristine filler (Clevios™ PH1000) and B) treated filler. 

 

 As reported in the Figure 19A, except for the features related to PSS at 

1120 and 1605 cm
−1

, all the peaks in the spectrum can be attributed to PEDOT.

 The peaks related to PEDOT at 990, 1270 and 1362 cm
−1

 are assigned to 

the oxyethylene ring deformation and to the Cα − Cα′ and Cβ − Cβ′ inter-ring 

stretching vibrations, respectively. The bands at 1504 cm
−1

 and 1568 cm
−1

 were 

attributed to the asymmetric stretching vibrations of the Cα = Cβ of thiophene 

rings in the middle and at the end of PEDOT chains, respectively. The splitting of 

these two modes produces the broad peak at 1534 cm
−1

. 

 Considering that PEDOT chains can be arranged in a coil-like benzoid or 

in an extended quinoid structure, the features at about 1440 and 1460 cm
−1

 are 

assigned to the quinoid Cα −Cβ and benzoid Cα = Cβ symmetric stretching 

modes. The extended quinoid conformation provides a closer packing of the 

PEDOT particles[140][141] in which the π-electron delocalization is facilitated 

and noticeable charge transport properties of the conductive resin can be achieved. 

Therefore, conformational information of the PEDOT chains can be gained by 

analyzing the peaks related to the quinoid Cα −Cβ and benzoid Cα = Cβ 

symmetric stretching modes. Then, the evaluation of the percentage content of 

PEDOT in the extended quinoid conformation (% Quinoid), was determined by 

using equation 4[142]: 

 

Eq. 4            
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 The Raman integrated intensity values of the quinoid Cα −Cβ and benzoid 

Cα = Cβ symmetric stretching modes were indicated with Iquinoid and Ibenzoid 

respectively. The % Quinoid values of 83% and 90% were respectively obtained 

for pristine and treated PEDOT:PSS materials, evidencing that the employed 

treatment induces the conformational alteration of PEDOT chains from coil-like 

to linear structures. The molecular arrangement induced in PEDOT:PSS samples 

by the acidic treatment involves a predominance of PEDOT chains in linear 

structures; this result is confirmed with FESEM analysis (chapter 3.9).[143] 

 The protons of H2SO4 neutralize some PSS
−
 ions to PSSH, producing the 

weakening of coulombic interaction with PEDOT grains.[144] As a consequence, 

the PSS
−
 units are replaced by H2SO4

−
 as the counter ions, determining a 

reduction in the number of the PSS
−
 ions, as indicated by the decreasing ratio 

value between the integrated area of the peaks related to the Cα = Cβ vibrations in 

the thiophene rings and the bands related to PSS.  

The interaction of PEDOT with H2SO4 leads to a well phase segregation between 

poly(3,4-ethylenedioxythiophene) and polystyrene sulfonate, resulting in a 

rearrangement of the PEDOT polymer chains in a linearly oriented structure 

(quinoid conformation), which increases the charge transfer among the PEDOT 

units, leading to a significant enhancement in the electroconductivity.[145]

 In the end, a Raman spectrum (with the same operating condition 

previously reported) of PEGDA 575 with 1% wt. of PI, 5% wt. of DMSO and 

45% wt. of treated PEDOT:PSS blend resin was reported in Figure 20. The 

Raman spectrum of the printed conductive resin exhibits further peaks designated 

by blue dotted lines and attributable to the PEGDA 575 chains. This finding 

confirms that the resin is constituted by PEGDA 575 and treated PEDOT:PSS 

fully mixed together, as indicated by the SEM results (chapter 3.9). 

 

 

Figure 20: Raman spectrum of PEGDA 575 with 1% wt. of PI, 5% wt. of DMSO and 45% wt. of 

treated PEDOT:PSS. 
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 With regards to the conductive blend, the %Quinoid value of 88% was 

calculated (using the previous formula), pointing out that the structural features of 

the treated PEDOT:PSS particles are maintained after the printing process. This 

evidence indicates that the printed resin exhibits good electroconductivity 

properties. 

 The broad features of the conductive resin blend in the Raman spectra 

suggest the presence of short PEGDA 575 chains and indicate the formation of 

amorphous domains.[146] However, an integrated intensity ratio value of 5 

between the peaks related to the carbonyl group and the C=C stretching vibrations 

was calculated, indicating a significant crosslinking of acrylate.[147] 

 

 

3.9  Field emission scanning electron microscope 

characterization 

 Materials with different micro and nanostructures can show different 

physical and mechanical properties. For this reason, in this study, the first priority 

was to find the correlation between properties and microstructure. The materials 

arrangement will determine their behaviour, and the properties of materials can 

reveal their microstructure.[148][149] 

 Field emission scanning electron microscope (FESEM) investigates were 

conducted on the treated PEDOT:PSS samples and the printed PEGDA 575 with 

1% wt. of PI, 5% wt. of DMSO and 45% wt. of treated PEDOT:PSS. 

 The morphological structures of these samples were investigated by field 

emission scanning electron microscope (FESEM) analysis with ZEISS Merlin and 

Supra 40 operating at 200kV. For FESEM characterizations, the treated 

PEDOT:PSS samples were dropped and dried at room temperature on a TEM grid 

after dilution (1:5) with ethanol to achieve a better material suspension and then 

improve the quality of high-resolution FSEM imaging. 

 First, we conducted a morphological comparison of the two samples, 

pristine and treated Clevios
™

 PH1000 materials, through electron microscopy. In 

Figure 21A, B and in Figure 21C, D the FESEM characterization of pristine and 

treated PEDOT:PSS is reported at two different magnifications respectively. The 

comparison between Figure 21A, C highlights the morphological change of the 

filler material after the precipitation process. 

 In the inset of Figure 21B a higher magnification FESEM of pristine 

PEDOT:PSS is reported, while the inset of Figure 21D is a high-angle annular 

dark-field scanning transmission electron microscopy (STEM HAADF) image of 

Clevios
™

 PH1000 after acidic treatment, further confirming the crystallization 

process occurred during the treatment with sulphuric acid. 

 



32 

 

 
Figure 21: (A, B) FESEM images of pristine PEDOT:PSS at two different magnifications. (C, D) 

FESEM images of treated PEDOT:PSS at the same two magnifications. In the inset of Figure 21B higher 

magnification FESEM of PEDOT:PSS is reported, while the inset of Figure 21D is a STEM HAADF image 

of PEDOT:PSS after acidic treatment. 

 

 In the end, an investigation of the morphological features of the treated 

PEDOT:PSS and the conductive resin based on PEGDA 575 with 45% wt. of 

treated PEDOT:PSS are respectively reported in Figure 22A, B. 

 

 
Figure 22: FESEM images of: A) treated Clevios™ PH1000 B) PEGDA 575 with 1% wt PI, 5% wt. of 

DMSO and 45% wt. of treated PEDOT:PSS. 

 

 The Figure 22A, shows a clear evidence of columnar structures formation 

on treated PEDOT:PSS sample, attributable to the rearrangement of PEDOT:PSS 

into nanofibrils after H2SO4 treatment.[150] 

 The FESEM image of the PEGDA 575 with 45% wt. of treated 

PEDOT:PSS resin blend in Figure 22B shows a homogenous morphology of the 

resin constituted by amorphous domains. Considering that the resin is produced 

with 45% wt. of treated PEDOT:PSS, the absence of the columnar structures 
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related to the PEDOT:PSS phase and the uniformity in the morphology of the 

blend denotes the formation of a mixture without phase separation. Then, it is 

possible to confirm that the chemical formulation of the resin with 45% wt. of 

treated PEDOT:PSS is suitable to produce the 3D-printed conductive object with 

complex geometries. 

 

 

3.10  Printing parameters optimization 

 The fruitful additive manufacturing process depends upon the appropriate 

selection of process factors. Using the optimized printing parameter, it is possible 

to print devices with complex structure or specific mechanical[151], thermal[152] 

and conductive[153] properties. Hence, for each type of polymer used in AM it is 

necessary to find the process variables needed to be controlled and optimized 

precisely. 

 Figure 23 shows optical photographs of two samples based on PEGDA 

575 with 1% wt. of PI, 5% wt. of DMSO and 45% wt. of treated PEDOT:PSS 

blend printed under various operating conditions. Figure 23A shows a good 

geometry obtained by optimum printing conditions since the CAD geometry is 

fully reproduced with a small error area; instead, a pattern without optimization of 

printing settings is reported in Figure 23B where it is possible to observe the blend 

over exposure (red line) and the CAD geometry (green line). 

 

 
Figure 23: Shows two samples: A) optimal resin parameters (2000 mm/s laser scan velocity, 50 mW 

laser power), while. B) the printed layer in the worst case (500 mm/s laser scan velocity, 75 mW laser power). 

 

 The laser scan velocity and laser power parameters were investigated. 

Different planar square samples of 3 × 3 mm
2
 were printed using the SL printer 

(chapter 3.1). The parameters values are reported in Table 2. 

 The distance of printed lines and the treated PEDOT:PSS particles can be 

noticed in Figure 23A. In Figure 23, it is possible to understand that the dimension 

of the particles can directly affect the mechanical behavior of the printed samples. 
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It can be influenced by many other aspects, such as infill degree, layer thickness, 

raster angle, or morphological imperfection. 

 Some samples were printed for each parameter combination and the 

average area (A) of the polymerized resin was calculated using ImageJ
®
 software. 

Several sample pictures were acquired with a standard optical microscope (Leica 

Microsystems Heidelberg, Germany). These pictures were uploaded on ImageJ
®
 

software and the scale bar was set. Then, tracing the sample geometry was 

determinate the number of pixels inside it and subsequently it was possible  

measured  the samples area. 

The area value (A) was used to find the percentage error with respect to the 

nominal value (Anominal), using Equation 5 reported below. 

 

Eq. 5          (
|          |

        
)      

 

The percentage error was reported in table 2. 

 

Table 2: percentage error area using PEGDA 575 with 1% wt. of PI, 5% wt. of DMSO and 

45% wt. of treated PEDOT:PSS. 

 

 

 Using 50 mW/mm
2
 and 2000 mm/s two complex 3D shapes were printed: 

the first sample (Figure 24A) is a double ring chain (0.5 mm thickness with 10 

mm diameter); the second (Figure 24B) is a conductive 3D microwall (15 mm 

maximum wall height with 3 mm thickness and 5 mm minimum wall height with 

350 μm thickness). After printing and cleaning in 2-propanol, the objects were 

cured for 10 minutes under a UV lamp. The use of this 3D object demonstrated 

the suitability of this new resin formulation for SL printing. Moreover with this 

resin is possible to print complex 3D shapes, beyond the limits of 2D patterning 

(photolithography, ink-jet printing, aerosol jet printing, etc). 

 

 
Laser power density (mW/mm

2
)  

5 25 50 75 

Laser scan velocity 

(mm/s) 

500 0.28 5.25 6.51 12.3 

1000 7.97 - 1.13 4.65 

2000 - - 0.03 8.16 
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Figure 24: Conductive PEGDA 575 with 1% wt. of PI and 45% wt. of treated PEDOT:PSS 3D printed 

test samples: (A) Ring chain, (B) micro and macro walls structures combined with holes and undercuts 

(printing parameters: 50 mW\mm2 laser power, 2000 mm\s scan velocity) and (C) 3D layout. 

 

3.11  Mechanical characterization 

 The fillers presence produces a heterogeneous blend inside a polymeric 

resin. The resulting blend has widely varying elastic and viscoelastic 

characteristics. 

 Unfortunately, a unique approach to measure the rigidity of printed 

material for photocurable resin is not actually defined. For this reason, 

compression or tensile tests, with specific handle and models [154][155], are used 

to measure the Young modulus for 3D printed structures. 

 With the aim to characterize the elastic behaviour, usually two standard 

mechanical testing procedures are used, i.e. the ASTM D638[156] or ISO 527-

1:2012.[157] 

 In this work the ISO 527-1:2012 standard guide was used to define the 

shape and other mechanical test parameters. 

 A tensile test was then performed on PEGDA 575 with different amounts 

of treated PEDOT:PSS (0, 25, 35, 45% wt.). 

 The tensile test was performed by Instron 3366 dynamometer (Instron 

Corporation, USA) equipped with a load cell of 500 N. The tests were conducted 

at a crosshead speed of 1 mm/min at room temperature and 3 samples each were 

used for all the above combinations. 

 Figure 25 shows the 3D printed samples for the mechanical tests (1 × 5 × 

30 mm
3
). The PEGDA 575 with 1% wt. of PI and PEGDA 575 with 1% wt. of PI, 

5% wt. of DMSO and treated PEDOT:PSS blend showed a brittle material 

behaviour (Figure 26). 
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Figure 25: Samples for mechanical tests of PEGDA 575 with 1% wt. of PI and 45% wt. of treated 

PEDOT:PSS with A) 45% wt. B) 35% wt. C) 25% wt. 

 

 Equation 6 is used to calculate the strain ( ), 

 

Eq. 6     
  

  
 

 

where lo is the initial height and ∆l is the crosshead displacement of the sample. 

The elongation stress σ (MPa) was considered as the ratio between the applied 

elongation force (N) and the nominal initial cross section area (mm
2
) of the 

sample. 

 Figure 26 shows the Young modulus of PEGDA 575 with different 

percentages of treated PEDOT:PSS. It is well-known that the theoretical and 

experimental elastic modulus of PEGDA is in the range of 0.19–125 

MPa[158][100][159] whereas the PEDOT:PSS (Clevios™ PH1000) shows a 

Young modulus around 90 MPa.[160]  

 The elastic modulus of PEGDA and treated PEDOT:PSS is significantly 

different for each of the percentages tested and it decreases with increasing filler 

content. For the blend resin, the stress-strain plot shows a linear viscoelastic 

region where the elastic modulus was calculated.  

 These results indicate that the samples are becoming less rigid (i.e., failure 

or breaking apart) as filler percentage increases. It is clear from Figure 26 that the 

pure PEGDA matrix shows a viscoelastic behaviour[161] moreover, the 

PEGDA:PEDOT blend shows a brittle behaviour increasing the filler 

content.[162] 
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Figure 26: Stress-strain diagrams for different samples with PEGDA 575 with 1% wt. of PI and (red 

line)0%, (pink)25%, (green line)35%, (azure line)45% wt. of treated PEDOT:PSS. 

 

 Figure 27 shows the elastic modulus value of PEGDA 575 with different 

percentage of treated PEDOT:PSS. Those value were obtained analysing the slope 

of the regression curve in the linear loading part of the experimental curves. 

 The results with less percentage of treated PEDOT:PSS show an high 

material rigidity that is also attributed to the high degree of crosslinking 

interaction between the PEGDA 575 matrix network. 
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Figure 27: Young modulus values of PEGDA 575 with 1% of PI and 25%, 35%, 45% wt. of treated 

PEDOT:PSS. 

 It is clear from the results that the tensile strengths of PEGDA and treated 

PEDOT:PSS decrease with increasing filler content ratios. This could be 

explained with two reasons. First, the non-homogeneous matrix network causes a 

discontinuity of the mechanical property inside the blend. Second, there is a weak 

adhesion between the acrylate matrix and fillers that leads to possible crack 

formation points.  

 The estimated elastic modulus of PEGDA 575 with 1% wt. of PI is 21 

MPa while the PEGDA 575 with 1% wt. and 25%, 35%, 45% wt. of treated 

PEDOT:PSS, was found to be 17.24, 9.41 and 6.02 MPa respectively. 

 

 

3.12  Contact Angle  

 Surface characteristics of material such as surface roughness, 

hydrophilicity/hydrophobicity, charge density and surface energy can be greatly 

influenced by the filler presence inside the polymer matrix.[163] 

 One of the most common measurement used to characterize the surface of 

a new material is the contact angle, which is based on the equilibrium of three 

phase boundary (usually is a solid-liquid-vapour system). 

 The PEGDA 575 molecules are neutral and have a randomly-coiled 

structure. Previous works in literature demonstrated that PEGDA 575 matrix 

shows a hydrophilic behaviour, indeed the contact angle is 80°.[164][165] 
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 Also for the PEDOT:PSS several different values are reported in literature, 

in fact it has a contact angles ranging from 10°[166] to 52°.[167] 

 With this point of view, measurements of contact angles were carried out 

on 3D printed PEGDA 575 with 1% wt. of PI and PEGDA 575 with 1% wt. of PI, 

5% wt. of DMSO and 45% wt. of treated PEDO:PSS samples. The measurements 

were perform by sessile drop (SD) technique, where a water drop is placed on a 

substrate and the static contact angle(SCA) is measured using a camera (Figure 

28). The surface wettability can be investigated measuring the static contact angle 

between the gas–liquid and the solid–liquid boundary. Assuming that the substrate 

surface is flat and regular, the SCA measured can be determined by Young‘s 

equation(eq7): 

 

Eq. 7                    

 

 In this equation the θC represents the static contact angle. The interfacial 

tensions of solid–gas is γSG, the interfacial of solid–liquid is γSL and liquid–gas 

interface is represented by γLG. 

  

 
Figure 28: Side view of sessile drop technique A) PEGDA 575 with 1% of PI. B) PEGDA 575 (1% wt. 

of PI + 5% wt. of DMSO) with 45% wt. of treated PEDOT:PSS. 

 

 Measurements were acquired using OCA H200 Dataphysics equipment at 

room temperature. Contact angle tests were carried out dropping pure water on the 

3D printed material surface (5 × 5 × 10 mm
3
). 

 A 1 µL dH2O water droplet was gently placed by an automatic syringe on 

the printed material. Using the CCD camera four droplets depositions on different 

regions of each material were recorded and the contact angle was measured. The 

Wu correction[168] was implemented for surface energy calculation and the 

results are reported in Figure 29. 
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Figure 29: Contact angle measurement on PEGDA 575 with 1% wt. of PI and PEGDA 575 with 1% wt. 

PI, 5% wt. of Dimethyl sulfoxide and 45% wt. of treated PEDOT:PSS. 

 

 The results above presented show the measurements of PEGDA 575 with 

1% wt. of PI and PEGDA 575 with 1% wt. PI, 5% wt. of DMSO and 45% wt. of 

treated PEDOT:PSS by the SD. Indeed for the PEGDA 575 matrix the contact 

angle is (86.1±5.4)°. The addition of conductive filler inside the matrix makes it 

less hydrophobic obtaining (62.9±12.8)°; this behaviour is akin to Clevios
™

 

PH1000.[169]  

 Although the surface irregularity of the 3D printed material on the 

equilibrium contact angle can be important[170], in this work it was not 

considered, because there is a strict congruence with other values reported in the 

literature.[165][164][171] 

 

 

3.13  In vitro cell tests 

 Although 3D printing by photopolymerization offers many advantages and 

could be a very promising technology, it is still limited in the biological 

applications due to the low biocompatibility of some components.[172] Indeed the 

resins and photoinitiators used in this field are often toxic and the presence of 

unreacted products after the polymerization can damage the cell‘s regulatory 

mechanisms.[173][174] In addition, SL resins have a three-dimensional network 

that is able to swell large amounts of water.[175] 

 For these reasons, the biocompatibility of the composite resins, object of 

this work, was studied. However, for this analysis it was necessary to use another 

matrix, such as PEGDA 250, because using a polymer with a shorter chain allows 

reducing the swelling effect.[176] 
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 Swelling of the PEGDA 250 with treated PEDOT:PSS was characterized. 

When soaked in a solvent solution, the devices based on PEGDA usually start to 

absorb the liquid within the polymer matrix. 

 This process can change the morphological and physical properties of the 

sample that can produce a cytotoxic effect in cell cultures. 

 For this reason, the swelling properties of PEGDA 250 and treated 

PEDOT:PSS were studied. Three disks were immersed in 30 mL water at room 

temperature. Each sample was gently dried, at different times, using a napkin and 

the weight was measured.[177] In Figure 30 the normalized mass gain 

corresponding to water absorption was reported. The maximum mass gain was 

reached for the PEGDA 250 with treated PEDOT:PSS filler after 9h in dH2O. 

 
Figure 30: Swelling ratio of PEGDA 250 with 45% wt. of treated PEDOT:PSS 

 

 Using this data, the equilibrium mass swelling ratio can be calculated: 

Eq. 8     
  

  
 

 

 Where Ws and Wd are the highest swelling mass weight and the dry 

starting samples weight, respectively. The percentage of the equilibrium mass 

swelling ratio, Q, was calculated around 30%. 

 In the following, 30 discs (diameter 1 cm and thickness 3 mm) were 

produced using a PDMS mold and cured under the UV light for 10 min. 

Subsequently, these samples were cleaned with an ultrasound bath (59 kHz) for 

10 minutes in pure ethanol and then dried under UV light for 10 minutes per side. 

Finally, the samples were soaked overnight in ethanol. 
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 The treated PEDOT:PSS filler was purified to decrease the presence of 

sulphuric acid and contaminants traces, as reported in the literature[178][179], 

following the recipe described below: 

1. Overnight soaking in 300 mL of ethanol 

2. Discard the supernatant after the centrifugation for 10 min at 6000 rpm 

3. Ultrasonication for 10 minutes (5s ON and 5s OFF with 70% of 

amplitude) in ethanol 

4. Discard the supernatant after the centrifugation for 10 min at 6000 rpm 

5. Stirring in ethanol at 600 rpm for 1h at 120 °C 

6. Discard the supernatant after the centrifugation for 10 min at 6000 rpm 

7. 3 days in 500 mL of washing buffer (¾ dH2O + ¼ ethanol)  

8. Discard the supernatant after the centrifugation for 10 min at 6000 rpm 

9. Ultrasonication in continue mode for 15 min with 55% of amplitude 

10. Discard the supernatant after the centrifugation for 10 min at 6000 rpm 

11. Stirring at 120 °C 1h with 600 rpm 

12. Wash the slurry in ethanol and centrifugation for 10 min at 6000 rpm 

 The lung cancer epithelial cells A549 were chosen to study the in vitro 

cells test, because they do not retain the structural or functional characteristic of 

the tissue from which they were derived, subsequently making them good 

candidates for biocompatibility studies. 

 For MTT assay, 1.5 × 10
5
 cells were seeded on each disk and incubated in 

RPMI 1640 at 37 
°
C. After the incubation time (1 day and 2 days), the DMEM 

was removed and the same volume of fresh medium and MTT (1 mg/mL 

dissolved in PBS) were added in each well. Subsequently the multiwall was 

incubated for 2 h at 37 
◦
C. In the end 250 µL of MTT solvent (10% SDS, 0.01 M 

HCl in dH2O) was added in each well ad it was incubated again for 120 min at 37 

°C. The colorimetric signal (absorbance) of the multiwall was read using a 

Synergy™ Microplate Reader (HTX, BioTek, Winooski, VM, USA) at a 

wavelength of 570 and 650 nm. The signal intensity is proportional to the number 

of proliferating cells and it is reported in Figure 31, where the error bars show 

mean SD. 

 All the measurements showed no significant differences in cells 

proliferation after 24h, regardless of the treated PEDOT:PSS amount. This is most 

likely due to the effectiveness of the filler, which induce a cytotoxic response as 

clearly represented in Figure 31. The cell viability after 24h was quite similar for 

all the samples. On the contrary, both Polystyrene and PEGDA 250 control 

samples clearly exhibited a more pronounced proliferation within cells compared 

to conductive PEDOT containing samples. 
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Figure 31: MTT assay on PEGDA 250 and different content of treated PEDOT:PSS; the results was 

obtained using the 570 nm wavelength subtracting the background (650 nm). 
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Chapter 4  

Effect of volatile organic compounds 

adsorption on 3D printed PEGDA:PEDOT 

for long-term monitoring devices 

4.1  Introduction 

 The always-growing number of pathologies due to environmental pollution 

has led to an enhanced interest on the main sources of exposure that could damage 

our biological system. This problem especially regards indoor pollution, like 

factories, laboratories, and so on.[180] 

 Such indoor pollutants are gases released from solids or liquids with low 

boiling point (e.g. organic solvents or solid fuels). Generally, this gases are called 

Volatile Organic Compounds (VOCs). 

 The electrochemistry was one of the first method used to monitor the 

VOCs[181], but actually the cumulative adsorption effects is the most promising 

method[182] because no specific equipment and technical users is required. There 

are several types of such devices that can be suitable to verify the presence of 

organic solvents.[183][184] Some of these cumulative measuring devices(CMD) 

are able to modify their optical, chemical or electrical properties when exposed to 

VOCs. Especially the CMD that are able to change their conductivity have more 

advantages such as a simple measurement setup (for this class is necessary only 

an ohmmeter to collect the data) and easiness of integration with other 

systems.[185] 

 For this reason in the last 10 years more research groups tried the 

exploitation of conductive polymers in cumulative measuring devices. This 

approach can represent a auspicious solution to overcome the limitation of  

standard cumulative devices based on metal oxide, which require high power 

consumption for preparation and operation.[186] 
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 In this chapter a CMD fabrication by SL 3D printing was studied, using 

the PEGDA 575 and treated PEDOT:PSS conductive blend system as possible 

active material for VOCs monitoring devices. 

 

 

4.2  CMD fabrication 

 A cumulative measuring device was printed with PEGDA 575 with 1% wt. 

of PI and 45% wt. of treated PEDOT:PSS. 

 The CMD shape was designed to achieve a large surface interaction area in 

a tight volume. With this device we have indirectly demonstrated the possibility to 

print complex geometries and functional objects. Then a double helical structure 

was printed as two rods following a 360° turn along an 8 mm height. The circular 

section rod was 2 mm (Figure 32A), and some tiny temporary support structures 

were added around the structure Figure 32B, C, D. The structure was also 

equipped with two squared pads at its extremities to provide an easier contact 

during conductivity tests. 

 

 

Figure 32: CAD drawing of double helix device. A) General view showing the pads for contact during 
electrical measurement; B) Top 3D view; C) Lateral 3D view; D) Prospective 3D view 

 

 

 In Figure 33 a double helix device obtained by SL printing is reported; for 

this device 50 mW and 2000 mm/s as laser power and scan velocity respectively 
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have been used. After the printing process the CMD was post cured under UV 

light for 10 minutes. The presence of treated PEDOT:PSS filler does not affect the 

photocuring ability of PEGDA 575 matrix as to assume defined 3D complex 

geometries. 

 

Figure 33: 3D printed double helix structure based on PEGDA 575 with treated PEDOT:PSS blend (SL 

parameters 50 mW laser power, 2000 mm/s scan velocity). 

 

 

4.3  Results 

 The double helical sample was exposed in a small gas chamber with a 

specific organic solvent (ethanol or acetone) in order to accurately assess the 

effect induced by vapor adsorption on conductive blend. 

 The surface drying time was defined by performing I/V measurements at 

controlled times after vapor exposure. The Figure 34 shows the conductivity 

values (σ) obtained for different drying times after 10 minutes of acetone 

exposure. The starting reference value of σ ≈ 0.055 S/cm corresponds to the 

sample‘s conductivity without any exposure. Generally we can observe that the 

vapor adsorption induces a conductivity decrease inside the material. 
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Figure 34: Conductivity of PEGDA and treated PEDOT:PSS subjected to a 10 minutes acetone 

exposure after different drying times. 

 The non-reproducible conductivity measurements with a drying time of 30 

and 45 seconds are due to a not complete solvent evaporation from the surface of 

the samples. 60 seconds are needed for the first dry time to achieve a complete 

solvent evaporation, however it is not a stable value. Instead, a drying time of 300 

seconds is the minimum to obtain plateau values and a good agreement between 

the results of I/V characteristics. 

 The vapors adsorption effect on PEGDA 575 with treated PEDOT:PSS 

samples was studied by performing current-voltage measurements after different 

exposure times to ethanol and acetone vapors (Figure 35). It can be seen from the 

graph that the conductivity of CMD significantly decreases after 10 minutes of 

exposure for both types of vapor. However, while acetone vapors cause a fast 

conductivity reduction with gradually increasing exposure times, the effect of 

ethanol is more limited. In particular, it can be observed a quasi-constant 

conductivity condition around 10
-4

 S/cm only after 20 minutes of acetone 

exposure. In particular, with long exposure times the conductivity changed from 

13.7∙10
-4

 to 9.1∙10
-4

 S/cm for 60 and 120 minutes, respectively. 

 On the contrary, the printed CMD based on treated PEDOT:PSS require a 

long exposition (60 minutes) to reach a conductivity plateau of 13.5∙10
-3

 S/cm 

with an ethanol exposure. 
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Figure 35: Conductivity of PEGDA 575 and 45% wt. of treated PEDOT:PSS for different exposure 

times to ethanol and acetone vapors. 

  

 The effect of VOCs on this printable conductive resin based on treated 

PEDOT:PSS is shown in Figure 36, where the normalized resistance variation of 

the samples versus acetone and ethanol vapor exposure time is reported. 

 In this case, the curve referred to acetone reaches the saturation after about 

20 minutes, while the curve referred to ethanol after 60 minutes. 

 The continuously conductivity reduction induced by vapors exposure can 

be explained by the ability of the material to accommodate the vapor molecules. 

As previously reported in the chapter 3.8 from the structural analysis, the blend 

network is given by an interplay of PEGDA 575 and treated PEDOT:PSS chains 

that can be altered by the interaction with vapor molecules. In fact the VOCs 

penetrating the polymeric network could growth the distance between the treated 

PEDOT:PSS filler then destroying the conductive pathways they have formed 

inside the conductive blend.[187] The ethanol adsorption appears slower because 

this solvent is used during the purification of the pristine Clevios
™

 PH1000. More 

probably the charge transport reduction can be attributed to the modification of 

the PEDOT chains conformation due to interaction with the vapor 

molecules.[188][189] 
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Figure 36: Normalized resistance variation of double helical samples versus acetone and ethanol 

exposure times. 

 The recovery capacity of PEGDA 575 and treated PEDOT:PSS was 

evaluated by subjecting the material to a mild heat treatment of 70 °C for one 

night at the end of which an electrical characterization was carried out again. 

After the heat treatment the ΔR/R0 values approach the normalized resistance 

variation values collected before acetone and ethanol exposure confirming the 

recovery behaviour of the produced material.(Figure 36) 

 Finally, a further characterization was achieved to evaluate the ability of 

the helicoidal geometry on the adsorption properties of the sample. In Figure 37 

the resistance versus time diagram is reported for two different PEGDA 575 and 

treated PEDOT:PSS samples having the same mass and composition but different 

shape. In Figure 37A the response for a sample with a double helix structure is 

shown, while in Figure 37B the result for a sample with a rectangular 

parallelepiped shape is reported. It is evident how after 30 minutes of acetone 

exposure, the helical sample shows an increase in resistance about 4 times larger 

if compared to the rectangular sample, confirming that the greater exposed surface 

related to the helical structure actually favours the vapor adsorption process in the 

final material. 



50 

 

 

Figure 37: A) Resistance of 3D printed double helical device under acetone exposure B) Resistance of 

3D printed parallelepiped design under acetone exposure. 

 

 After different solvents exposure the Raman spectra were acquired. The 

spectra were deconvolved in the region of 1200-1800 cm
−1

 by using Lorentian 

line functions. In all of these measurements, a broadening of the peaks with the 

increasing of the exposition time was observed (Figure 38A). Furthermore, it was 

observed that increasing the exposition time, the integrated intensity values of the 

peaks related to the Cα = Cβ asymmetric stretching vibrations in the thiophene 

rings decreased. 

 The vapors exposure produces no substantial changes in the Raman 

features of PEGDA 575 chains (Figure 38A). In fact, after two hours exposure the 

signals related to PEGDA 575 are found notably broader and less defined. These 

results clearly suggest how PEGDA 575 behaves as a stable support matrix for the 

whole conductive blend. 
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Figure 38: A) Raman spectra of PEGDA 575 with 45% wt. of treated PEDOT:PSS samples exposed to 
acetone vapors for 0, 10, 20, 30, 60 and 120 minutes; B) Conductivity and % quinoid value as a function of 

the vapor exposure time. 

 

 On the contrary, a large spectral signal variations of PEDOT chains are 

found as a function of the exposure time to the acetone vapors. To quantify the 

magnitude of such modifications inside the molecular structure in PEDOT chains, 

the percentage content of the extended quinoid was determined by using Equation 

2.(Chapter 3.8) 

 The quinoid percentage values of 88, 85, 80, 68, 63 and 56 were obtained 

after exposure for 0, 10, 20, 30, 60 and 120 minutes, respectively. Observing the 

percentage decrease of the quinoid conformation in Figure 38B it is possible to 

confirm that the interaction with the acetone molecules induces a conversion to 

the benzoid form of the PEDOT chains. This effect is a probable consequence of 

the electrostatic interaction between the polar sites of the solvent molecules and 

the positively charged sites of the oxidized PEDOT chains. The increase in the 

benzenoid conformation leads to a general lower stacking of the polymer chains 

responsible for a worsening of the charge transport between these chains. 

[140][190] The histogram graph in Figure 38B shows the conductivity and % 

quinoid values both reported as a function of the vapors exposure time. 
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 The monotonic decrease of conductivity and % quinoid confirms the 

strictly correlation between structural features of treated PEDOT chains and the 

electrical properties of the whole blend system. 

 Given the performance exhibited by the PEGDA:PEDOT composite, a 

possible use as a cumulative measuring device for short-term or single-shot 

measurements is proposed.[191][192] 

 In this view, in Table 3 a state-of-the-art review of the most significant 

results collected for 3D-printed cumulative adsorption materials is shown to 

highlight the novelty of our achievements. 

 

 
Table 3: State-of-the-art of 3D-printed cumulative adsorption materials for acetone and ethanol vapor. TPU: 

thermoplastic polyurethane polymer; PC: polycarbonate; PEDOT:PSS: poly(3,4-ethylenedioxythiophene) 

polystyrene sulfonate; PVDF: poly(vinylidene flouride); MWCNT: multi-walled carbon nanotubes; rGO: 

graphene oxide; CNFs: carbon nanofibers; FDM: fused deposition modeling; SL: stereolithography. 

 

 As can be observed from Table 3, a wide variety of materials have been 

printed by ink-jet technology, whereas MWCNT and PEDOT:PSS-based 

composite materials have been essentially tested in fused deposition modeling and 

stereolithography printing production methods. Moreover, it is worth pointing out 

that the SL approach allows for printing high-surface area, complex architectures 

with a greater resolution compared to the ink-jet and FDM printing techniques. 

 As shown in Table 3, the normalized resistance variation of the double 

helix structure is consistent with the values reported in other works. In particular, 

among the materials containing PEDOT:PSS filler, the printed PEGDA:PEDOT 

double helix structure exhibits the highest active area value and an ∆R/R ratio 

satisfactory for cumulative adsorption applications. 

 From this perspective, the coupling of the material and the printing 

technique adopted in the present work permits one to produce 3D structures with 

large and complex surface areas, that can be suitably exploited for the assembling 

of cumulative gas adsorption devices. 

Printing 

Technique 
Filler 

Matrix 

or 

Solvent 

∆R/R 

Active 

Area 

(mm
2
) 

Ref. 

Ink-jet MWCNT + PEDOT:PSS dH2O 0.02 1 [186] 

Ink-jet PEDOT:PSS dH2O 0.03 40 [193] 

Ink-jet Graphene+PEDOT:PSS dH2O 0.008 3.75 [194] 

Ink-jet CB TPU 0.2 400 [195] 

Ink-jet rGO dH2O 0.3 400 [29] 

FDM MWCNT PVC 3 8.13 [196] 

FDM MWCNT PVDF 1.3 5.5 [197] 

SL CNFs Epoxy Resin 0.23 485 [198] 

SL treated PEDOT:PSS PEGDA 1 540 This work 
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Chapter 5 

Organic Electrochemical 

Transistors based on PEGDA 575 

and treated PEDOT:PSS 

5.1  Introduction 

 3D Stereolithography (SL), has delivered a new conceptualization of 

object design and fabrication with more advantages for Organic Electronics 

field.[199][200] 

 The possibility to produce three-dimensional devices can offer new 

solutions and capabilities integration, providing enhancements in many fields of 

application: energy storage[201], sensors for wearable electronics[202] and 

biomedical devices for healthcare.[203] 

 One of the emerging applications based on 3D devices are the Organic 

Electro-Chemical Transistors (OECTs) that show multifunctional operation in so 

far as they allow implementing both a transistors-like and a memristive-like 

response.[204] Actually the largest part of 3D printing methods employed to 

develop electronic devices offer only 2D structures (e.g. ink-jet[205], aerosol-

jet[206]) or 3D device implemented upon multistep processes[207] and by Fused 

Deposition Modeling (FDM) and micro-dispensing.[208] 

 On this basis, the present chapter demonstrates that is possible to produce 

a PEGDA 575 and treated PEDOT:PSS 3D OECT. Furthermore, it was 

established to be efficient in biosensing applications.  
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5.2  3D OECT Fabrication 

 The 3D printing of the OECT with the conductive resin started from a 

simple geometry to assess the material properties and its suitability for printing a 

biosensing element. For these reasons, 2 mm long straight channel was designed 

with 500 μm thickness. At the opposite extremities of the channel two squared 

contact pads were printed using the same resin. 

 Initially, with the purpose to miniaturized 3D printed sensors, the 3D 

OECT was designed to have the smallest channel width reachable. 

 Therefore, considering the printer lateral resolution (around 80 μm) and 

the size of treated PEDOT:PSS particles inside PEGDA 575 resin, the smallest 

channel width was set to be 300 μm, in order to guarantee both accuracy and 

mechanical stability. 

 Furthermore, different channel widths were investigated and for this 

reason a wider channel was also printed (700 μm wide, 2 mm long) to analyze the 

transistor behavior. An insulating layer was then added to guarantee always the 

same channel length (2 mm) to be involved in the doping/de-doping process; 

using this part was also possible ensuring the OECTs response repeatability. On 

the insulating layer two wells were built to contain an electrolyte volume (~175 

μL). The 3D printed OECT is reported in Figure 39. The commercial SpotHT 

resin was used to print the insulating parts while the conductive elements were 

printed with the Poly(ethylene glycol) diacrylate 575 with treated Clevios
™

 

PH1000 resin. The SpotHT (Spot-A Materials, Barcelona, Spain) is a mixture of 

PI, aliphatic and urethane acrylates. The viscosity of this commercial resin is 350 

mPa·s,. The insulating base, the insulating support and the transistor part were 

500 μm thick, while the wells barriers were 8 mm high. 

 

 
Figure 39: Computer-Aided Design drawing of the OECT to be printed. 

 

 The device was post-cured with a thermal treatment to post-process the 3D 

printed part, as previously reported.[209] This thermal process can induce an 

annealing of PEDOT:PSS and then improve the 3D OECTs performance.[210] 
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 Printing two different channel widths of 300 μm and 700 μm on the same 

device demonstrated the printability of the PEGDA 575 and treated PEDOT:PSS 

resin (Figure 40A). 

 After the electrical measurement, one of the critical constraint was noticed, 

actually not related to the SL intrinsic constraint, but rather to the reproducibility 

of the device response. Indeed, analyzing the 3D printed devices it was observed 

that the small channel (300 μm) has not a reproducible response like the one with 

the 700 μm wide channel (Figure 40Figure 39B). Hence, the large channel design 

was selected as the best performing one in terms of reproducibility. Maybe the 

amount of active material in the large channel is enough to provide stable 

electrical signal. However, the increasing of the treated PEDOT:PSS ratio in the 

resin slightly reduces the printability. Later, to get reproducible and well 

performing devices the best compromise was achieved using the Poly(ethylene 

glycol) diacrylate 575  and the 45% wt. of treated PEDOT:PSS and printing a 

geometry with 700 μm wide channel. 

 A section of the OECT channel (Figure 40C,D) was observed by Field 

Emission Scanning Electron Microscopy (FESEM) to check that the insulating 

SpotHT resin did not accidentally cover the active PEGDA:PEDOT resin, thus 

passivating it. Indeed, a clear separation between the two resins was observed, as 

reported in Figure 40D. Finally, through the FESEM imaging is possible 

observing small flakes (of the order of a few microns) inside the OECT channel, 

that can be attributed to the treated PEDOT:PSS particles (Figure 40E). 

 

 

Figure 40: 3D printed OECT. (A) Device after printing; (B) microscope image of the channel (700 μm 

wide); (C section view of the 700 μm wide channel design; (D) SEM image of the same section view reported 

in (C); (E) SEM image of the PEGDA:PEDOT resin polymerized. 
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5.3  Results 

 The performances of the composite blend used in OECTs architectures 

was analyzed in collaboration with the Institute of Materials for Electronics and 

Magnetism (IMEM-CNR, Parco Area delle Scienze 37/A, 43124 Parma, Italy). 

This analysis is a noticeable example of 3D OECTs suitability in biological 

sensing applications. For this purpose, the 3D OECTs efficiency in detecting 

biomolecules of interest in medicine was tested. 

 In particular, the detection, by the 3D OECT, of the dopamine (DA) (MW 

= 189.54 mg/mol, Alfa Aeser) was implemented. Dopamine is a neurotransmitter 

regulating the correct functioning of several organs and whose loss in some areas 

of the brain causes, for example, the Parkinson's disease. The dopamine was 

chosen as a target also because it is an important molecule for biosensing 

field.[211]–[214] 

 The calibration curve for DA detection realized using a 3D OECT and 

calculated from transfer curves is described in Figure 41. Different concentrations 

of DA([DA]= 0, 10 µM, 100 µM, 1 mM and 5 mM in PBS 100 mM) were tested 

and transfer curves from the lower to higher concentrations are reported as an 

example in Figure 41. 

 

 
Figure 41: (a) Calibration curve for dopamine sensing by a Poly(ethylene glycol) diacrylate 575 and 

treated PEDOT:PSS using a 3D Organic Electro-Chemical Transistors; (b) typical transfer curves measured at 

different dopamine concentrations ([DA] = 0, 10 μM, 100 μM, 1 mM and 5 mM, error bars are standard 

deviations) and (c) universal curve obtained by merging transfer curves in (c) upon shifting them along the 

Vgs axis. 
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 The large error bars upon averaging repeated measurements can be due to 

a quasi-reversibility of electrochemical processes in the conductive blend, 

especially at lower Vgs (the baseline current, Ids for Vgs→0, shifts towards lower 

values and the largest shift is systematically recorded after the first measurement). 

 In this experiment the reactivity of catecholamines with a bare Pt electrode 

was measured, whereas dopamine is expected to be involved in a 2-electrons 

exchange mechanism with the platinum electrode.[215] The measurement 

protocol is the same reported in literature.[216] The proposed protocol relies on 

the fact that the reaction of dopamine at the platinum gate electrode is able to 

modulate the effective gate voltage (Vgs,eff) due to an offset voltage (Voffset) strictly 

connected to the analyte concentration. Equation 9 describes this phenomenon 

[217]: 

 

Eq. 9                                  (   )
   

  
    [  ]       

 

 where [DA] is the dopamine concentration T is temperature, n is the 

number of electrons transferred at the gate, KB is the Boltzmann‘s constant and γ 

is the ratio between the capacitances at the gate electrode/electrolyte and 

electrolyte/active channel interfaces. This equation predicts that a rise of 

dopamine concentration causes the improvement of Voffset that, in turn, suggests a 

reduction of the channel current. 

 The device performance can be represented by extracting two factors from 

the calibration curve, i.e. the Limit of Detection (LoD) and the sensitivity. The 

first represent the lowest concentration of the analyte that can be reliably detected 

with this 3D printed sensor. The sensitivity, indeed, describes the smallest analyte 

concentration able to create a measurable output signal for the sensor. The 3D 

OECT shows a good sensitivity of 0.41 V/dec. The assessment of ΔVgs by 

evaluating the shift of transfer curves is predictable to be less effective in 

determining minor LoDs if compared to its estimation based on real-time 

measurements, such as the recording of the step-like OECT response upon 

subsequent additions of the analyte to be detected in an electrolytic reservoir. 

[218], [219] However, both devices demonstrate a LoD around the micromolar 

range with a dynamic window varying between the micromolar and the millimolar 

range of [DA]. The LoDs value obtained with this 3D OECT are in line with the 

standard unmodified Pt gate electrodes.[213], [216] 
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Chapter 6  

3D Printed energy storage device 

based on PEGDA and treated 

PEDOT:PSS blend 

6.1  Introduction 

 Today, the new generation of energy storage systems has stringent 

requirements in terms of portability, compactness, integration and yield. The 

common fabrication techniques for energy storage systems are based on complex 

and multiple processing steps that could limit their possible easy integration in 

portable devices like smartphones, laptops and so on. 3D-printing technologies 

can open a new approach to fabrication processing, also because of the large 

plethora of available material and the possibility to tune their electrical[220], 

chemical[221], and morphological[222] properties. Furthermore, the 3D electrode 

provides a large active area giving short diffusion pathways and high conductivity 

during the ion transport mechanism compared to a standard 2D energy storage 

device.[223] 

 Although in the energy storage field there are more examples of 3D 

supercapacitor, based on filament deposition[224][225], laser sintering[226] or 

inkjet printing[227][228], there are actually few SL devices that combine different 

fillers to enhance the charge transfer of the resin. Furthermore, those devices show 

a low aspect ratio because of the high brittleness of the composite polymer. The 

main fillers for SL resins used for printing supercapacitors are silver nanowires 

(AgNW)[229] and multiwall carbon nanotubes (MWCNT)[32][230] or a 

combination of these materials with other metals or organic polymers, decorating 

for example the Ag nanoparticles with Pb(Zr,Ti)O3.[33] 

 In this chapter, the possibility of printing 3D micro-supercapacitor (3D-

MSC) with a SL printer using the PEGDA 250 and treated PEDOT:PSS 
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conductive resin will be demonstrated. The 3D interdigitated design and 

production of the electrode arrays were obtained with a spatial micrometric 

resolution and optimized to improve the electrochemical performances for a 3D-

printed micro-supercapacitor. The 3D-MSC exhibits a promising energy storage 

and power density, thanks to the exploitation of a tailorable complex 3D design to 

increase the electrode‘s active surface. 

 

 

6.2  3D Print device 

  The conductive blend based on treated PEDOT:PSS was studied as new 

printing material for electric double-layer capacitors. Initially, the blend was 

characterized to determine its electrochemical performance and later a complex 

3D-MSC was fabricated. 

 The PEGDA 250 with 1% wt. PI was chosen as matrix providing a low 

swelling effect and the amount of treated PEDOT:PSS was 35% wt. 

 Different electrode thicknesses were investigated in order to value the 

influence on the energy density per surface area unit. For this reason, the blend 

was characterized, using a disk geometry, with different thicknesses: 1.5, 1 and 

0.7 mm.  

 These conductive disks (diameter 1 cm) were printed with a SL machine 

(Chapter 3.1) using an internal scan velocity of 1800 mm/s and contour scan 

velocity of 2000 mm/s; the power applied during the printing process for the 

samples A, B, and C was 50 mW (Figure 42). 

 

 
Figure 42: 3D printed disks of PEGDA 250 with 1% wt. PI and 35% wt. of treated PEDOT:PSS with 

thickness A) 1.5 mm B) 1 mm C) 0.7 mm. 

 

 The conductive samples were pressed into a metal disk of 16 mm-diameter 

and 2 mm thickness under a pressure of 400 MPa (Figure 43A). Conductivity 

measurement of the disk was performed with two probe connected to a multimeter 

(BioLogic Potentiostat, Seyssinet-Pariset, France) (Figure 43B). 
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Figure 43: A) coin cell B) BioLogic with 2 points connection provides the lowest connection 

impedance. 

 

 Furthermore, a concept 3D-MSC was designed and printed using the 

conductive blend. The conductive blend based on treated PEDOT:PSS was also 

used as a glue layer to fix the 3D-MSC on the metal electrodes. The 3D-MSC was 

fabricated following the steps in Figure 44. 

 The fabrication procedure displayed in Figure 44 includes the following 

steps: (A) a platinum interdigitate electrodes (Pt-IDE) was sputtered on alumina 

substrate using a hard mask; (B) the 3D-IDE based on PEGDA 250 and 35% wt. 

of treated PEDOT:PSS was printed with 2000 mm/s and 50 mW; (C) using a 

spincoater (1000 rpm for 60 s), we obtained a thin layer of PEGDA 250 and 

treated PEDOT:PSS on a glass slice. Then the 3D-IDE was gently pressed on the 

glass slice to cover the bottom side with conductive blend. Afterwards, the 3D-

IDE and the Pt-IDE were aligned using a microscope and cured under UV light 

for 5 minutes. Finally, a PDMS chamber was produced to confine the electrolyte 

gel. 

 The alignment between the two electrodes was guaranteed by the printer 

accuracy and the 3D-MSC was assembled at the end of the printing process. 
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Figure 44: fabrication steps of 3D-IDE: A) Pt-IDE sputtered on alumina. B) 3D-IDE printed with 

PEGDA 250 and treated PEDOT:PSS. C) 3D-MSC device. 

 

 The KCl and the PVA was purchased from Millipore Sigma (Burlington, 

MA, USA). The molecular weight and the purity for KCl and PVA was 31-50 

kDa and 99% respectively. The KCl/PVA hydrogel electrolyte is prepared: 

Polyvinyl alcohol (PVA) (1.0 g) was dissolved in 10 mL dH2O with constant 

mixing at 85 °C for 2 h to form a homogeneous and clear liquid. Then, 10 mL of 

dH2O containing KCl (0.1 M) was added to the above solution under continuous 

mixing until the formation of a gel-like solution. All the experiments reported 

below were performed using KCl and PVA electrolyte hydrogel. 

 Figure 45 shows a photograph of one finished MSC device fabricated on 

the alumina and tested using KCl/PVA as the solid-state gel electrolyte. 
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Figure 45: 3D-MSC device based on PEGDA 250 and 35% wt. of treated PEDOT:PSS. 

 

 

6.3  Results 

 The electrodes‘ thickness can be well controlled using the 3D printing 

technology, because it is possible to increase the final device size layer by layer. 

The 3D electrodes have a different electrochemical behaviour in comparison to 

the in-plane, due to the fast ion diffusion through the thick electrode. Furthermore, 

with 3D electrodes it is possible to increase the surface energy storage capability 

in a small footprint area. 

 CV tests were performed to define the capacitance of the printed PEGDA 

250 and treated PEDOT:PSS electrodes. All cyclic voltammetry (CV) curves were 

recorded with an applied potential from 0 to 0.8 V. Then, it is possible to calculate 

the capacitance using equation 10: 

 

Eq. 10      
       ⁄

  
 

 

 Where, Qtotal is the supercapacitor charge, ΔV is the voltage range and C is 

the capacitance. 

 The specific capacitance of the 3D-MSC depends on the specific surface 

area of treated PEDOT:PSS electrodes in contact with the electrolyte. Then the 

area specific capacitance (Ca) of the supercapacitor can be calculated from the CV 

curves using equation 11: 

 

Eq. 11       
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 Where, A is the area of the electrodes, Vf and Vi are the potential limits of 

the CV curve, ΔV/Δt is the voltage scan rate, and ∫ I V dV is the area of the CV 

curve.  

 From this perspective, three disks with different thickness were studied, 

characterising their electrochemical performance. In Figure 46A the average 

current density was 7.5, 10, 15 µA/cm
2 

for 700, 1000 and 1500 µm respectively, 

while the areal capacitance was 15, 20, 30 µF/cm
2
 for 700, 1000 and 1500 µm 

respectively (Figure 46B). Observing the electrochemical trend, it is clear that 

increasing the electrode thickness makes it possible improving devices 

performance, achieving a high current density and areal capacitance. Rather 

Faradaic capacitance can be obtained by the diffusion of electrolyte inside the 3D 

disk at lower scan rates that aids in the enhancement of charge storage 

capability.[177] 

 
Figure 46: Cyclic voltammograms collected in 0.1 M H2SO4 as a function of scan rate 10 mV/s; A) 

current density B) areal capacitance. 
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 Moreover, for the 3D-MSC the capacitance and the areal capacitance were 

studied. Figure 47 shows the typical charge-discharge profile of capacitors with a 

capacitance of 6.31, 3.38, 1.53 and 0.81 mF at scan rates of 10, 20, 50, and 100 

mV/s, respectively. 

  

 
Figure 47: CV curves of printed 3D-MSC measured at different scan rates of 10, 20, 50, 100 mV/s. 

 

 The Ca calculated from the CV curves were 2.16, 1.16, 0.52 and 0.28 

mF/cm
2
 at scan rates of 10, 20, 50, and 100 mV/s, respectively. 

 Figure 48 displays the galvanostatic charge-discharge (GCD) curves that 

show a pseudosymmetric response characteristic at different current densities of 

0.5, 1, 1.5 and 2 mA/cm
2
, indicating an ideal capacitive behaviour. 

It can be seen in Figure 48 that a small internal resistance of the 3D-MSC (IR 

drop) is present at the beginning of each discharge curves. This IR drop causes the 

decreasing of capacitance at high discharge rates in the CV investigation. 
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Figure 48: GCD curves of 3D-MSC based on PEGDA 250 and treated PEDOT:PSS at current densities 

of 0.5, 1 and 2 mA/cm2. 

 

 The capacitance of 3D-MSC is 200 mF/g (2.16 mF/cm
2
) and it is 

consistent with the values reported in the literature.[231] This can be explained by 

the high specific surface area of 3D-MSC and its design. 

 Approximately linear charge/discharge curves were acquired as an 

indicative of good capacitor. Nevertheless, there was high IR drop at the 

beginning of discharge curve ascribed to the internal resistance i.e. contact 

resistivity, interfacial resistance from metal to blend and the electrolyte ionic 

resistance that cannot be negligible. 

 These results demonstrate that the SL printing technology proposed here 

permits the current density and areal capacitance of the resultant power device to 

be simply controlled by modifying the print geometry. 
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Chapter 7  

Conclusions 

 This work reports on the preparation and application of a new conductive 

resin for stereolithographic 3D printing based on treated PEDOT:PSS (Clevios™ 

PH 1000). 

 With this novel resin formulation, it is possible producing complex 3D-

shaped conductive devices by StereoLithography. The preparation steps were 

adjusted (chapter 3) to achieve a stable and hard resin for SL systems, where the 

prominent conductivity response of 0.05 S/cm was obtained by a combination of 

the matrix(PEGDA)/filler(treated PEDOT:PSS) ratio. This composite blend not 

only keeps relatively good mechanical properties, but also noteworthy electrical 

conductivity, light weight and good surface wetting properties, thus resulting in a 

right resin blend fully exploitable and integrable in miniaturized systems like 

microsensors and microfluidics devices. 

 The composite blend with PEGDA 575 as the host matrix and 

PEDOT:PSS as the filler for 3D systems was studied as VOCs adsorbent material 

(chapter 4). The control of the conductive features of PEDOT:PSS, through 

suitable chemical treatments, and the identification of its appropriate loading in 

the host matrix allowed for producing a homogeneous and easily printable resin 

for the manufacturing of conductive 3D objects with complex and reproducible 

geometries. These systems have proven to be able to work with chemical vapors 

in the long term by giving a reliable and noticeable variation of their structural 

and conductive behaviour. The overall collected results demonstrate that the 

materials and the manufacturing protocol reported here constitute a proof of 

principle of the possibility of developing an innovative manufacturing technology 

for long-term monitoring. 

 The conductive blend based on treated PEDOT:PSS was demonstrated to 

maintain performance similar to that of PEDOT:PSS in terms of electrical 

conductance, bulk ionic diffusion mechanism, gating response in OECTs 

architectures and, hence, presenting quite good sensing response (chapter 5). 3D 

OECTs showed an higher sensitivity of 0.41 V/dec toward dopamine detection. 
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With the 3D OECT we have demonstrated the possibility to use it as biosensors 

and, hence, in a perspective view, the freeform manufacture enabled by 3D 

printing paves the way for their incorporation in IoT and smart devices. 

 Much of the current literature on supercapacitor pays particular attention to 

the enhancement of the electrochemical performances of material and device 

using 3D fabrication techniques, which grants several gains in terms of 

performance, cost and scalability. The 3D devices allow an increase of either the 

volume of active filler loaded and the active surface area. The 3D supercapacitor 

provides a fast ion transport through structures with a high specific energy and 

power densities.  

 A 3D and stable electrical double layer capacitor, which can be 

manufactured by SL, has been developed in this study, The overall thickness of 

the devices can be minimized and their electrochemical behavior was studied 

(chapter 6). The cycle voltammetry tests exhibit that the 3D-MSCs deliver a 

specific capacitance of 2.16 mF/cm
2
, suggesting that this resin is a promising 

candidate for energy storage applications. 

 This work has successfully characterized and optimized a novel 

conductive blend based on PEGDA and treated PEDOT:PSS for 3D printing. Of 

course, the resin alone represents only the first milestone for device development. 

In fact, its physical properties should be exactly studied and the processing 

protocols should be engineered obtaining a substantial throughput. The passage 

from the material production to a practical exploitation often needs some decades. 

However, this work has successfully demonstrated the potential of this blend as a 

cumulative measuring device, biochemical sensor and supercapacitor. 
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 Infine ringrazio tutte quelle persone che in questi 4 anni mi hanno fatto 

scoprire Torino e le sue mille sfaccettature. Non pensavo che questa città mi 

sarebbe piaciuta così tanto e questo lo devo in gran parte al gruppo Golden 

(Giovanni, Jacopo, Nicola, Lorenzo, Antonio, Filippo, Andrea e Salvatore) con 

cui ogni venerdì o sabato riuscivamo a staccare il cervello e a divertirci come 

matti. Grazie a Giulia, Mathieu e Ilaria l‘aperitivo del weekend diventava un rito 

propiziatorio per scacciare i demoni della settimana passata e affrontare con 

serenità quella successiva. Grazie all‘aiuto del  mio maestro di tiro con l‘arco 

(Roberto e degli arcieri del CH4 Sara, Salvatore e Viktor) ed del mio maestro di 

giardinaggio (Angelo) sono riuscito, a Torino, a trovare il giusto equilibrio tra le 

mille attività di dottorato e le cose che veramente contano. Ringrazio il mio 

carissimo amico Pino, con cui abbiamo condiviso gioie e tristezze dovute alla 

lontananza dalla famiglia; gli ultimissimi ringraziamenti vanno infine al gruppo di 

volontariato ed in particolare ad Angelo de Carlo e ai tesisti conosciuti durante il 

percorso di dottorato per il loro affetto e stima (Stefano, Francesca, Matteo e 

Silvia). 

 

 

Per Aspera Ad Astra. 
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