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Abstract 

At the beginning, 3D printing was mainly conceived as an innovative 

manufacturing method to produce objects with complex designs. More recently, 

the possibility to produce innovative materials with controlled properties by 3D 

printing technology is emerging as a new research topic and it is predicted to 

boost developments in several application fields such as robotics, sensing, and 

biomedicine. In the 4D printing framework, 3D print objects can modify their 

shape and properties by the applications of external stimuli. In particular, 

magnetic fields, are easy to apply, they are body-harmless, and they allow to 

remotely control the motion of the designed objects. 

In the first part of the thesis, a Digital Light Processing (DLP) was used to 3D 

print magneto-responsive polymeric materials containing dispersed Fe3O4 NPs. 

The magnetic properties of the materials were tailored by controlling the 

concentration of magnetic filler up to 6 wt.%. Furthermore, by adding a reactive 

diluent to the photocurable resins, the mechanical response of the materials was 

tuned from stiff to soft. Using this strategy, several objects were fabricated 

possessing different types of magneto-induced motion such as translation, rolling, 

bending, and folding/unfolding. 

In the second part of this thesis, we took advantage of the self-assembly 

processes of the magnetic particles to fabricate composite materials with 

programmed microstructures using a modified DLP 3D printer. First, the self-

assembly of magnetic particles in chain-like structures was induced by the 

application of a magnetic field on a thin liquid layer of photocurable resin 

mimicking the 3D printing process. The assembling process and the orientation of 

the magnetic chains were experimentally investigated by Scanning X-Ray and 

optical microscopy techniques. The dimension of the assembled chains was 

tailored by tuning the magnetic field, and by varying the viscosity and the NPs 
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concentration in the resins. Once the magnetic chains were formed, their direction 

was controlled by tilting the applied field of discrete angles. A simplified physical 

model based on the magnetic interactions between particles was developed to 

describe both the self-assembly process and the rotation of the magnetic chains. 

The results obtained by numerical simulations were in good agreement with the 

experimental observations.  

To translate the programmed micro-structuration from 2D to 3D, a pre-

existing DLP printer was modified adding a ball-bearing-permanent magnets 

system to control the application of magnetic fields during the 3D printing 

process. The arrangement of the chains in each printed layer was programmed by 

controlling the magnetic field intensity and direction during the manufacturing 

process. As a proof of concept, a three-level structure was 3D printed by precisely 

control the microstructural organization in each printed layer.   

Finally, the magnetic properties of the materials were tailored by the control 

of their microstructure. The magnetic anisotropy and the easy magnetic-axis of the 

composites were tailored by controlling the magnetic field intensity and direction, 

and by varying the Fe3O4 NPs concentration. Throughout the magnetic 

programming of the microstructure, several devices were fabricated proving 

remotely controlled rotation and bending motions induced by the application of 

magnetic torques. 

The research findings demonstrated an accessible route to 3D print magneto-

responsive polymers with controlled microstructures and magnetic properties. The 

programming of the nanocomposite microstructure proved to enhance the control 

of the actuation mechanism and to widen the palette of the exploitable motion 

typologies. 
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Resume in English 

Three-Dimensional (3D) Printing allows the production of complex structures 
and the rapid prototyping of objects. The recent advances made in additive 
manufacturing technology are introducing year after year new 3D printers and 
new strategies, enlarging the palette of processable materials. Several industrial 
applications of 3D printers are already reported, ranging from automotive to 
fashion, and new ones are just around the corner. Recently, new research trends of 
3D printing are arousing, and they are predicted to enhance the development of 
several technological topics. In particular, 4D printing consists of the fabrication 
of 3D printed objects undergoing controlled temporal modification of their shape 
and properties upon the application of external stimuli (time is the fourth added 
dimension). Several stimuli (such as light, moisture, electrical field) can be 
exploited to induce controlled transformations in the printed materials. Among 
them, magnetic fields show peculiar characteristics. Indeed, they can be easily 
applied by the use of permanent magnets and solenoids, they are body-harmless, 
and they can be actuated remotely, i.e. without direct contact between the source 
and the material.  

The easiest way to produce magneto-responsive polymers consists of 
incorporating magnetic fillers within the polymeric matrix. To further enhance the 
magneto-driven control on the fabricated composite materials, the microstructural 
arrangement of the embedded particles can be used to tune the macroscopic 
magnetic properties of the material. This can be achieved by exploiting the self-
assembly processes of magnetic particles. Indeed, when magnetic fillers are 
dispersed in a liquid medium and exposed to a uniform magnetic field, they 
spontaneously assemble into chain-like structures oriented along the field lines.  

In this work, we proposed an innovative 3D printing methodology to exploit 
the self-assembly mechanisms of magnetic particles and control the 
microstructures and the properties of the produced objects. This strategy allows us 
to produce magneto-driven devices undergoing complex actuation mechanisms. 
Moreover, we demonstrated that the designed objects work in closed wet/dry 
environments, and they can be remotely controlled by the application of magnetic 
fields. The fabricated objects have applications in several fields ranging from soft 
robotics to sensing, from drug delivery to biomedicine. 

For this Ph.D. work, Digital Light Processing (DLP) was selected as the 
printing technology as it allows processing the materials in their liquid state. This 
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allows to easily disperse the fillers in the materials and to exploit the self-
assembly process of magnetic particles to control the microstructure of the printed 
objects. DLP 3D printers are based on the photopolymerization process, which is 
a polymerization reaction initiated by light. In particular, in a liquid mixture of 
monomers and oligomers, an organic molecule called photoinitiator is added. 
When the photoinitiator is irradiated by light, it undergoes photobleaching 
generating reactive species (radicals, cations, or anions depending on the type of 
photoinitiator), which can initiate the curing process. In DLP technology, 
photopolymerization is used to rapidly cure the slices of the objects by projecting 
the light pattern of the layer to print on the photocurable resin. The step by step 
addition of several photocured layers leads to the fabrication of the object. 
However, the load of fillers in the photocurable resin may limit the light 
absorption of the photoinitiator due to a competitive absorption/scattering of light, 
leading to a decrease of the polymerization rate or even preventing the printing 
process. 

In the first part of the Ph.D. work, we investigated the development of 
magneto-responsive polymers with randomly dispersed magnetic particles, 
employing a DLP 3D printer to fabricate objects. Fe3O4 magnetic nanoparticles 
(NPs) were added to a mixture of a commercial urethane acrylated resin (Ebecryl 
8232) and a reactive diluent (Butyl acrylate). The addition of the reactive diluent 
in the system accelerated the polymerization process of the photocurable 
formulation counterbalancing the reactivity inhibition due to the light absorption 
of magnetic particles. Moreover, by increasing the amount of butyl acrylate (BA) 
added in the formulation we were able to decrease the glass-transition temperature 
and the elastic modulus of the printed material, producing softer polymers. The 
load of magnetic nanoparticles did not significantly alter the mechanical response 
of the object, while the magnetization of the composites increases linearly with 
the NPs concentration. The prepared formulations showed a good printability up 
to 6 wt.% of fillers, and the printed objects showed resolution down to 400 µm. 
The mechanical response of the objects was tailored by varying the Ebecryl 8232 
and BA ratio in the formulations. This approach allowed us to investigate 
different types of motion. With the rigid polymer (i.e. 75Eb25BA) we 3D printed 
magnetic wheels undergoing rolling and objects undergoing translation motion in 
confined environments. With the softer polymeric matrix (i.e. 50Eb50BA) we 
exploited bending motion mimicking the opening and closing of flowers. By the 
combination of rigid and soft parts in the same object, we were also able to 
program the bending points in the printed nanocomposites proving folding and 
unfolding processes activated by magnetic fields. 
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aggregates to the ends of already formed longer chains, and the rotation of the 
microstructures. 

These investigations allowed us to program the microstructure of polymeric 
films. The dimension of the chains was tailored by controlling the intensity of the 
applied magnetic field and by varying the viscosity of the liquid medium and the 
load of NPs dispersed in the resins. Finally. the direction of magnetic chains was 
programmed by tilting the direction of the field. In order to control the 
microstructure of a bulky material in a DLP process, our strategy consisted of 
replicating the 2D control on magnetic chains in each printed layer of the object. 
Therefore, the control on the direction and size of magnetic chains in each printed 
layer would lead to the programming of the microstructure of the 3D printed 
nanocomposite materials. 

To enable the production of controlled magnetic fields during the 3D printing 
process and to control the magnetic microstructure of objects, we modified a DLP 
printer. The core of the modification set-up consisted of the addition of a 
polymeric ball bearing acting as the new resin reservoir of the printer. By adding a 
couple of permanent magnets outside the ball bearing, it is possible to apply a 
magnetic field on the photocurable resin to induce the self-assembly processes of 
magnetic particles. The direction of the assembled chains was tailored by rotating 
the ball bearing, i.e. the permanent magnets. As a proof of concept, we printed a 
three-level structure varying the direction of the applied magnetic field in each 
level during the printing process (0°, 45°, and 90°). Optical microscopy images 
proved that we controlled the dimension of the embedded magnetic chains by 
varying the self-assembly conditions. Moreover, the direction of the assembled 
aggregates was consistent with the direction of the magnetic field applied in each 
level of the structure. Therefore, we demonstrated that the proposed DLP set-up 
was effective in programming the microstructure of the 3D printed composites. 

The effect of the magnetic chains on the macroscopic magnetic properties of 
the sample was investigated by measuring the magnetization cycles along three 
different directions of the samples (parallel, transversal, and perpendicular). In the 
samples with randomly dispersed NPs, the three hysteresis loops were perfectly 
overlapping proving that the nanocomposites were magnetically isotropic that is, 
the three measured directions were magnetically equivalent. On the contrary, in 
samples containing oriented magnetic chains, the magnetization curve measured 
along the chain's direction (parallel) exhibited a higher slope compared to the 
transversal and perpendicular directions. Since the magnetic cycles were not 
overlapping, the samples were magnetically anisotropic, and they were 
characterized by a preferable magnetization direction called easy-magnetic axis 
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As a result, the produced objects underwent bending, and the amplitude of 
deformation was directly related to the magnitude of the magnetic field applied. 

Throughout the pages of this manuscript, we demonstrated that a designed 
synthesis of the photocurable formulations, together with physical knowledge on 
the evolution of magnetic nanoparticles self-assembly mechanism and 3D printing 
can lead to the fabrication of objects with added values, in which materials 
characteristics synergistic play with objects design. This leads to achieve different 
types of motion such as rolling, translating, bending, and folding/unfolding which 
can be remotely controlled and exploited in closed environments. Ultimately, to 
fabricate complex devices which use can be envisaged in different fields such as 
soft-robotics, biomedical devices, and sensors. 
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Until 1980s, the manufacturing techniques were based on the concepts 

developed in ancient times of material removal or molding, where only the 

procedure evolved from a hand-made approach to a large-scale fully industrialized 

production. Generally, in these processes a large amount of wasted material is 

produced. Moreover, not all the morphologies can be obtained, as often the 

intrinsic deformability of the material limits the possibility of having all shapes. 

The two abovementioned drawbacks have been solved by the development of the 

3D printing technologies. Indeed, the ultimate object shape is no longer led by 

material removal, but by the addition of subunits of a row material, driven by a 

virtual construction of the object. Furthermore, 3D printing allows better control 

of materials properties, and recently, it is also opening new perspectives in 

materials micro/nano structuration, and programming smart and functional 

materials, boosting progresses in several application fields such as electronics, 

robotics, and biomedicine [8], [9].  

Technological innovation is one of the main characters in the civilization 

transformation and evolution. In a synergic cycle, the availability of new materials 

and manufacturing processes often boosts the advances in several applications, 

and the last ones foster again the development of new materials. In the case of 3D 

printing technology, its birth was determined by the development of informatics 

and electronics; but the last two were possible by the progress in silicon 

technology.  

In the next section, we will describe the historical evolution of the 3D printing 

technologies, their spread in industrial applications, and the potential socio-

economic implications and technological trends. 

 

1.2 Additive Manufacturing and 3D printing 

3D printing, also known as Additive Manufacturing (AM), is a groundbreaking 

technology that is rapidly becoming popular in many applications. This section 

aims to faithfully painting the historical effort made to widen the palette of 

available materials and to improve the printing technologies. The success of AM 

over the conventional manufacturing approaches are discussed, and several 

examples of industrial applications are reported. Besides, by this historical and 
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costs related to the fabrication of a single object are doubtless lower in 3D 

printing than in conventional manufacturing techniques, but in an economy of 

scale, where the production of multiple copies of the same identical object is 

required, conventional manufacturing processes result by far the best option [20]. 

Analyzing the diffusion of additive manufacturing in industrial fields, it is no 

wonder that their expansion concerns those fields where large-scale production is 

not a fundamental requirement: aerospace, fashion, architecture, education, and 

high-performance automotive [16].  

Although the drawbacks of 3D printing technologies compared to large-scale 

production, in 2014 about 11% of the producers had already switched to volume 

production of 3D printed parts or products [19]. Indeed, additive manufacturing 

shows other advantages that traditional manufacturing techniques cannot achieve 

such as the reduction of inventory costs and risks. The on-demand production 

methodology guaranteed by additive manufacturing, avoid the storage of a large 

number of components and semi-finished products to assemble; moreover, the 

number of unsold finished goods is strongly decreased. Other advantages come 

from the low energetic consumption and the reduction of waste. It is estimated 

that with 3D printing is possible to save 40% of the waste material compared to 

subtractive manufacturing techniques, furthermore, almost 98% of the wasted 

material produced during a printing process can be recycled or even re-use [21]. 

In Tab. 1.1 the differences between additive manufacturing and traditional 

manufacturing are resumed. 

As an example of the side-benefits assured by 3D printing, and their 

exploitation in the industrial fabrication, the General Electrics (GE) case-study, 

concerning the production of fuel nozzles for jet engines, is here reported. GE 

expects to produce more than 45,000 units of the same object by year, so by 

considering only the production volume, traditional large-scale production would 

represent the best option. However, in the conventional manufacturing process, 

the gear is built by assembling 20 separately cast parts, while on the counterpart, 

additive manufacturing allows the production of fuel nozzle in a single process. 

Considering the costs related to the production and shipment of the cast parts, 

more the storage costs, GE convinced that 3D printing technology would cut the 

manufacturing costs by about 75% [19]. 
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Table 1.1: comparison between Additive and Traditional Manufacturing [22]. 
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The huge versatility and potential of additive manufacturing is also confirmed 

by the market trends. Between 2012 and 2014 3D printing experienced an annual 

average growth of 33% reaching a total value of $5.1 billion in 2015 and 

representing the strongest industry growth in 18 years. The future trends of 3D 

printing are even brighter and in 2018 when the current value of the market was 

$10.8 billion, the growth of this market segment was predicted to be $20 billion 

for the year 2020 [16]. The AM revolution may also change the firms balance 

settled in the large-scale economy. In the conventional manufacturing world, large 

organizations operating already in the market have a consolidated advantage 

compared to small companies, and they act as barriers to entry for new firms. A 

new industry needs a large capital investment to build large factories and increase 

production volume to decrease the production cost. With AM this is no longer true 

since the unit cost of the product is comparable with the value of the same product 

processed by traditional manufacturing [22]. 

Many speculations have been made in order to predict the future impact of 

additive manufacturing on society: the chance to localize the production to get 

closer to the costumers will drastically decrease the costs and environmental 

impact of the shipment services. The chance to produce the good closer to the 

costumers may be the turning point for the transition from a globalized economy 

to new localization. UPS has predicted a future shrinkage of the delivery business, 

and now it is investing in the foundation of world-spread 3D printing factories to 

manufacture products closer to their customers [22]. According to other futuristic 

opinions, in the future 3D printing technology will enter in family houses, 

allowing easy customization and production of the required goods. 

In general, the choice between additive manufacturing and large-scale 

production is still related to the production volume, the part size, the design 

complexity, and the materials cost. Anyway, the advancements of 3D printing 

technologies are continuously promoting the spread of this technology in a variety 

of applications, and in the next future, they could transform the production 

economic model, and therefore society. Recently, a new research path is 

increasing the potential of additive manufacturing, and this is the chance to 

manufacture materials with specific and precise properties that cannot be obtained 
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Figure 1.3: Fused Filament Fabrication set-up [15]. 

 

Composite materials by FFF 

In order to produce composite and nanocomposite materials by FFF, the 

polymeric wires are fabricated by twin-screw extruders [48] or batch mixer 

technology [49]. The high shear forces ensured by these techniques allow the 

dispersion of nanofillers. Anyway, the addition of fillers in a thermoplastic wire 

modifies the rheology properties and may cause nozzle clogging and/or bad 

resolution [14]. In order to control the viscosity, two approaches may be used: i) 

to increase the temperature of the printing heads, but this may deteriorate 

(nano)composite; ii) to add surfactants and plasticizers to decrease the viscosity 

and the processing temperature, but this would modify the nanocomposite 

mechanical properties. Besides the drawbacks discussed many examples of 3D 

printed nanocomposite materials are shown in the literature [14], [45], witnessing 

the potentiality of FFF in this field.  

DIW is widely applied in the fabrication of ceramic structures due to the high 

amounts of fillers allowed by this technique [46]. Nevertheless, the precision and 

the manufactured shapes are often restricted due to bad layer-layer interfaces and 

ink cohesion, and this may be an issue when controlled and complex shapes are 

required as for 4D printing applications. 
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Figure 1.6: Stereolithography apparatus [18]. 

The definition of the printed object depends on two factors: the first one is the 

dimension of the enlightened spot by the scanning system, the second is the layer 

thickness. Typically, the spot dimension ranges from few microns to a millimeter 

and the layer thickness can be varied between 5 and 200 µm. By regulating the 

spot dimension and the layer thickness, the user can tune the compromise between 

velocity and precision [18]; i.e. decreasing the layer thickness the definition of the 

object is improved, but also the number of layers that must be printed is increased 

resulting in a growing production time. In the latest years, some new technologies 

based on laser scanning were developed in order to increase the resolution of the 

printed artifacts. Micro-stereolithography (µSLA) allows a better definition of 

the printed parts thanks to an improvement on the laser scanning system which 

can reduce the spot size up to 2 µm [15], [55]; also the slicing is improved 

limiting the layer thickness up too few microns. In two-photons 3D printers (2PP) 

is possible to further decrease the focal spot achieving outstanding submicron 

resolution (about 50 nm) two orders of magnitude smaller than traditional SLA 

[56]. 

 

Digital Light Processing 

Digital Light Processing (DLP) 3D printer is an evolution of SLA with an 

increased manufacturing velocity. The components described for SLA are almost 










































































































































































































































































































































































































