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Abstract: MEMS devices are more and more commonly used as sensors, actuators, and microfluidic 

devices in different fields like electronics, opto-electronics, and biomedical engineering. Traditional 

fabrication technologies cannot meet the growing demand for device miniaturisation and 

fabrication time reduction, especially when customised devices are required. That is why additive 

manufacturing technologies are increasingly applied to MEMS. In this review, a�ention is focused 

on the Italian scenario in regard to 3D-printed MEMS, studying the techniques and materials used 

for their fabrication. To this aim, research has been conducted as follows: first, the commonly 

applied 3D-printing technologies for MEMS manufacturing have been illustrated, then some 

examples of 3D-printed MEMS have been reported. After that, the typical materials for these 

technologies have been presented, and finally, some examples of their application in MEMS 

fabrication have been described. In conclusion, the application of 3D-printing techniques, instead of 

traditional processes, is a growing trend in Italy, where some exciting and promising results have 

already been obtained, due to these new selected technologies and the new materials involved. 

Keywords: MEMS; 3D printing; additive manufacturing; NEMS; AM technologies; AM materials; 

MEMS sensors; MEMS actuator; microfluidic devices 

 

1. Introduction 

Microelectromechanical systems (MEMS) combine electric functions with 

mechanical ones in a micrometric device [1]. Common examples of MEMS are sensors, 

like accelerometers or gyroscopes; actuators, like magnetic actuators; and microfluidic 

devices. Their manufacture has changed since their first appearance, with the use of 

polymers for MEMS fabrication, like polymethylmethacrylate (PMMA), 

polydimethylsiloxane (PDMS), or epoxy, instead of the traditionally used silicon. Not 

only have such constitutive materials been subjected to an evolution over the years, but 

fabrication technologies have also been affected by the advent of new ones. Traditional 

techniques, such as the wet bulk micromachining process or dry bulk micromachining 

process, have some disadvantages; the need for a prior photolithography process incurs 

high costs (due to requirements for specialised operators, costly procedures and materials, 

and dedicated infrastructure such as clean rooms) and a long fabrication time (for 

example, due to the preparation of masks) [2]. Moreover, the removal of material from the 

substrate region, which makes the silicon process a subtractive manufacturing process, 

limits the possible obtainable geometries [3]. These are some of the reasons which lead to 
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the finding of alternative fabrication methods. Other solutions that have been introduced, 

such as the surface micromachining process, likewise have their drawbacks, because of 

the need for a sacrificial layer etching step, which imposes a drying step that can cause 

microstructure deformation and affect substrate structure adhesion. This behaviour is also 

linked to the slow liquid etchant evaporation and high surface tension at microscale [4]. 

Nowadays, the additive manufacturing (AM) world is the new frontier in the 

fabrication of MEMS devices, thanks to the latest advancements in 3D-printing technologies 

that allow one to reach the microscale. The additive manufacturing of metals and polymers 

is more and more used to produce parts or finite objects because of its advantages, like faster 

prototype fabrication, the easy modification and redesign of the product, less wasted 

material, and more geometrical complexity being allowed. Not all of the available 

technologies are suited for MEMS fabrication. Some 3D-printing processes offer a limited 

range of available materials, a bad resolution at microscale, a questionable accuracy and 

reproducibility, and post-processing procedures required to improve mechanical and 

surface finishing [5]. However, some AM technologies show a high resolution up to the 

nanometre range, together with high-quality surface finishing and parts’ geometry 

fabrication [6]. 

The 3D printing of MEMS devices is gaining ground, and many Italian research 

groups are focusing their a�ention on AM techniques for MEMS fabrication for their 

multiple advantages. Such 3D-printing technologies can help to avoid misalignment 

during the anisotropic etching process, reducing the problems of undesired under-

etching; they facilitate the fabrication of 3D shapes that can be easily tailored, varying the 

process parameters [1]; they also ensure lower costs, together with the mass production 

of high-precision devices [7], that is a big advantage for the MEMS industry. Related to 

AM technologies for MEMS, there are also some challenges and issues that should be 

considered: the achievable features resolution relies on the chosen material and the 

printing technique, and for the same technique, the result can change when changing the 

printing parameters. Lastly, using polymeric or ceramic materials, it is necessary to face 

the linear and/or volumetric shrinkage of the printed part, due to polymerisation and a 

thermal post-processing step [1]. 

Nevertheless, the use of 3D-printing technologies is widely spread for the fabrication 

of micro- and nanoscale devices (MEMS and NEMS) in different emerging fields, such as 

biomedical engineering [8], soft robotics [9], optics and optoelectronics [10], printed 

sensors [11], and lab-on-a-chip [12]. In this review, we give an overview of the state of the 

art regarding the fabrication of MEMS through AM technology, focusing our a�ention on 

the panorama of Italian research on the topic. The review also aims to emphasise the 

variety and number of research projects in the Italian context related to the 3D printing of 

complex devices, following the growing trend towards additive manufacturing processes 

as key enabling technologies. Indeed, according to the Research and Markets Report on 

Additive Manufacturing [13], the global market size is estimated to reach USD 76.2 billion 

by 2030, with respect to a USD 16.8 billion turnover in 2022. The Italian government, aware 

of this trend, is actively supporting the development and adoption of additive 

manufacturing (AM) technologies through various initiatives. The last one was within the 

framework of ‘PNRR—Transizione 4.0’: with a fund of EUR 13.4 billion, the Ministry of 

Enterprises and Made in Italy is supporting the digital transition of companies focusing 

on Industry 4.0 technologies, including AM. It offers tax credits for investments in capital 

goods, intangible assets, R&D, innovation, and training related to AM. Moreover, the 

government supports the creation of AM competence centres, providing training, 

technical assistance, and access to AM equipment for businesses and researchers. An 

example is CIM4.0: born from the cooperation of the Politecnico and University of Turin, 

together with 22 partner businesses, it provides services specialising in AM, and it offers 

strategic and operational support, helping companies to innovate and keep their processes 

highly competitive. There also exist other bodies which are created as cultural associations 

and which promote the knowledge diffusion of AM. One of the best known is AITA 
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(Associazione Italiana Tecnologie Additive), which today boasts almost ten years of 

activity. 

The 3D printing of MEMS has been investigated, starting from the analysis of different 

3D-printing techniques suitable for MEMS and the materials used for MEMS device 

fabrication, and finally reporting recent outcomes and updates. Hence, Section 2 is 

dedicated to a theoretical introduction to AM technologies for MEMS printing, with a 

description of their working principles and the main elements that are required for 

fabricating 3D parts. Section 3 gives an overview of the specific application of the previously 

described technologies in the fabrication of MEMS sensors, MEMS actuators, and 

microfluidic devices, focusing on the Italian context. Section 4 explains the materials used 

for AM technologies, and it also reports examples of their application in the 3D printing of 

MEMS devices. Section 5 summarises all the previously discussed topics and provides some 

closing remarks. 

2. AM Technologies Classification 

The International Organisation of Standardisation (ISO) has classified AM 

technology into seven groups based on the printing process (ISO 52900:2021): vat 

photopolymerisation, material extrusion, material je�ing, binder je�ing, powder bed 

fusion, sheet lamination, and direct energy deposition [14]. Below, there is a list of the 

commonly used ones in the MEMS sector, which are vat photopolymerisation, material 

extrusion, material je�ing, and powder bed fusion. To the best of our knowledge, no 

examples of MEMS printing have been reported using binder je�ing, direct energy 

deposition and sheet lamination technologies. As regards binder je�ing, in which a 

glueing agent is deposited as ink on a powder bed, this is probably due to material 

compatibility with the typical MEMS working environment. Concerning direct energy 

deposition, the high number of parameters to control, and the need for coupling this 

technology with a CNC machining phase for the printed parts, probably make this 

technique quite complex to be used for MEMS. In the case of sheet lamination, the 

achievable printing accuracy could be the reason why such a technology is not employed 

for printing micrometric and nanometric parts. 

2.1. Vat Photopolymerisation 

Vat photopolymerisation is a broad term; it refers to different technologies for 

fabricating finite objects starting from a liquid photocurable resin, which is 

photopolymerised layer by layer using a laser or a projector. These systems can ensure the 

highest resolution and accuracy level, a good interlayer bonding (adhesion between 

consequent slices), and smooth surface, upon choosing the correct set of printing 

parameters. It is also possible to print more pieces at the same time, depending on the 

built plate dimensions. The printing process is fast enough, even if, for complex 

geometries and for bigger parts, it can take hours [5]. The technologies that are referred to 

as vat photopolymerisation are stereolithography, digital light projection, and two-

photon polymerisation. A schematic representation of how these technologies work is 

provided in Figure 1. 
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Figure 1. Working principle of vat photopolymerisation technologies: (a) stereolithography, (b) digital 

light projection, (c) two-photon polymerisation. The system components for each technology are listed. 

2.1.1. Stereolithography 

The stereolithography (SL) printing process involves a liquid-filled vat, in which a 

plate can move along the Z axis, and an ultraviolet (UV) laser beam as input, in a 

galvanometric head that allows the beam to move around in the XY plane. For each layer 

growing, the plate goes down a one-layer thickness into the resin; then, the beam turns on 

and point-to-point photopolymerises the desired geometry. Some printers also have an 

after-recoating phase, during which a blade removes the excess resin before the 

photopolymerisation step, so they require less material to work [15]. The spot diameter in 

this technology is around tens of microns, which guarantees a be�er accuracy and control 

for the smaller features, especially for micrometric devices. SL-printed parts need to be 

post-processed: they should be cleaned for unreacted resin, commonly using isopropyl 

alcohol (IPA) or ethanol (EtOH), and they also have to be post-cured using a UV lamp, to 

polymerise the trapped unreacted groups and enhance their mechanical properties [5]. As 

for other technologies, support structures are required for all the pieces with overhangs, 

because their weight can cause their collapse. 

2.1.2. Digital Light Projection 

The digital light projection (DLP) process involves a liquid-filled transparent vat, a 

plate that can move along the Z axis, in and out the vat, and a LED projector, that allows 

the irradiation of the XY plane with the layer geometry. For each layer, the plate goes 

down a one-layer thickness into the resin; then, the projector turns on and 

photopolymerises the layer following the desired geometry. After the printing process, a 

post-process step is required: the printed parts have to be cleaned for unreacted material, 

commonly using isopropyl alcohol (IPA) or ethanol (EtOH), and they also have to be post-

cured using a UV lamp, to polymerise the unreacted groups and enhance their mechanical 

properties [5]. DLP parts have a good accuracy and resolution, smoother surface, lower 

cost, and faster fabrication, but they tend to have higher shrinkage-related problems. 

2.1.3. Two-Photon Polymerisation 

Two-photon polymerisation (TPP, or 2PP) is an additive manufacturing technique 

that has features in common with other vat photopolymerisation techniques, like the use 

of lasers, but it does not require a liquid-filled vat. In TPP, light-sensitive material, the 

photoresist, is positioned on a glass substrate if it is a high-viscosity material, while it is 

positioned between two thin glass covers separated by spacers if it is a low-viscosity 

material [16]. The photopolymerisation of the photoresist occurs in the small volume of a 

drop that is selectively irradiated by a femtosecond laser beam at a near-IR wavelength, 

whose focal point defines the position of the polymerised voxel (three-dimensional pixel). 

The voxel dimensions are typically into the submicron range; that is why this technique 

allows the fabrication of submicrometric structures with a higher resolution, compared to 
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single-photon lithography, and why it also allows the fabrication of complex 3D 

geometries without supports or multistep processes, because the printed parts grow 

inside a photoresist drop [17]. There are some advantages in the use of TPP: firstly, it 

requires low light intensities, thanks to the two-photon absorption mechanism; secondly, 

it is possible to integrate the structure in different materials, changing the resin inside the 

droplet and dipping the lens inside it, if the structure is particularly tall; then, it ensures a 

structuring process that is more flexible and precise, assigning for each layer the special 

coordinates that the laser has to reach [16,17]. Some drawbacks are the slower printing 

processes that increase the printing time; difficulties in mass-scale production, because of 

the high printing time and the inability to print multiple objects together; the high printing 

resolution strongly depends on the numerical aperture of the objectives and, also, on the 

material’s interaction with the light during the process. This dependence of the printing 

outcomes on the material composition is due to the intensity threshold model. A window 

with two limits is defined, within which the polymerisation can occur; the lower limit 

identifies the lowest possible light intensity that starts photopolymerisation, while the 

upper one identifies the light intensity that starts to burn the material or cause bubble 

formation [16]. 

2.2. Material Extrusion 

Material extrusion AM techniques rely on solid-state materials, mainly thermoplastic 

ones, that can be extruded from a nozzle when heated. These technologies have a simple 

setup, which is usually cheaper than the ones for vat photopolymerisation technologies, 

and a lower energy demand; these elements make it one of the most widespread AM 

technologies, even at the industrial level [18]. 

Fused Filament Fabrication 

Fused filament fabrication (FFF) technology belongs to the extrusion-based AM 

technologies, because it involves the extrusion of a filament through a nozzle that heats 

the material above its melting point. The semi-molten filament comes from a spool, that 

continuously feeds the printing head and that can contain a thermoplastic or a metal 

material. The nozzle can move along three axes, to construct geometries layer by layer on 

the heated printing bed, ensuring the be�er adhesion of the printing objects. A schematic 

representation of the technology’s working principles is shown in Figure 2. Some FFF 

printers use a second heated head to simultaneously print a second material that can be 

used as sacrificial material, for supports, or as reinforcing material, for some applications 

[5,19]. On one hand, this printing technique has different advantages, like a low cost, the 

high performance of the printers, and the wide variety of materials that can be used, even 

transparent and biocompatible ones. Moreover, FFF printers are user friendly and 

environmentally friendly, and the chemical or UV post-curing of the printed parts is not 

a required step [5,20]. On the other hand, some disadvantages can be identified, such as a 

low resolution and low surface quality, due to the filament thickness, bad surface 

finishing, and a long printing time for complex objects [5]. 
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Figure 2. FFF working principle, with system components listed. 

2.3. Material Je�ing 

Material je�ing (MJ) AM technology is defined by the ASTM as a technique which 

involves the deposition of feedstock material droplets in a selective way [21]. This printing 

process relies on the deposition of photosensible materials, drop by drop, on a build plate, 

and their consecutive photopolymerisation with a lamp, whose wavelength is between 

190 nm and 400 nm. The used materials are stocked into an air-excluding tank, then 

delivered to the printing head through a transmission line. In the printing head, the ink is 

heated up to enhance its flowability through the nozzles, from which is je�ed. The printing 

head can be also equipped with a roller, acting like a doctor blade, that ensures the 

deposition of a thin layer. Finally, there is a lamp, flashing light to induce 

photopolymerisation. The head can move along the X axis, while the build plate can move 

along the Z axis; the deposition along the Y axis is determined by the placement of the 

printing head nozzles, and they are activated during the printing phase, according to the 

geometry. As for other AM techniques, MJ requires support structures for overhangs, so 

a gel-like sacrificial material is needed, and then, it has to be removed at the end of the 

process, mechanically or chemically. This class of AM technologies has different pros: it 

ensures a thin layer thickness, so staircase effects can be avoided, and thin wall features 

can be printed with a low surface roughness and high resolution; there is a good finishing 

of the final parts; undesirable effects of draughts or dirt are prevented, thanks to the use 

of a closed printing chamber; and there is an easy detachment of the printed parts from 

the printing bed [21]. The commonly used MJ technology is multi-jet modelling, also 

called PolyJet technology by some manufacturers. 

2.3.1. Multi-Jet Modelling/PolyJet 

Multi-jet modelling (MJM) technology uses material-je�ing techniques, but the 

printing head can deposit two materials at the same time; typically, the first one is the 

building material, while the second one is the sacrificial material [21]. The printing process 

proceeds layer by layer, as usual, but it offers a be�er level of detail, with a resolution of 

656 × 656 × 1600 DPI (XYZ), and a minimum layer thickness of 16 µm [12], with an accuracy 

of 0.1 mm [22]. The printed parts have to be post-processed, in order to remove the 

support material and to prepare the parts for their applications, for example, for use as 

mould for PDMS. This technology has different advantages, like a high accuracy and 

resolution at a millimetric scale, a good surface quality, and the use of different materials 

depending on the application; however, it has some drawbacks, like a limited range of 

materials, a low build process, and poor performances at microscale or with high-aspect 

ratio objects [23]. 
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2.3.2. Inkjet Printing 

The inkjet printing (IJP) technique is a material-je�ing process that is part of the non-

contact direct-writing class of printing technologies. The inks, that are a solution or 

dispersion of nanoparticles into a solvent, are deposited on a flexible or rigid substrate by 

a nozzle, filled with material through the hydraulic system that connects the ink reservoir 

and the printing head. The printing head is itself a MEMS actuator, and it can be a thermal, 

a piezoelectrical, or an electrodynamical actuator. The deposition system can eject 

material with a continuous flow (called a continuous IJP) or drop by drop (called a drop-

on-demand delivery system) along the Z axis, mainly. Both the printing techniques can 

process geometries with a resolution of 20 µm or higher, by adjusting the applied voltage, 

the printing bed speed, the chemical composition of the ink, and its viscosity and surface 

tension. The printing bed moves in the XY plane, following a vector-based path from a 

CAD drawing, and it can be heated, to promote solvent fast evaporation [16]. An evolution 

of inkjet printing technology is the Pyroelectric–Electrohydrodynamic (pyro-EHD) 

system, a nozzle-free inkjet technology that includes a heating system, three-axes moving 

platform, and a monitoring system. The ink reservoir is a microscope glass slide, placed 

under a Lithium Niobate (LN) crystal positioned on the platform. The platform motion 

control system has a high linear precision to ensure a maximum travel speed of 30 mm/s, 

and it deposits the ink on a printing bed, made of a cover glass, that can host the substrate. 

The material is ejected after the crystal heats up, because of the breaking of liquid surface 

tension by a strong field gradient that generates instability. This pyroelectric effect is a 

temperature-dependent effect, as shown by Equation (1): 

ΔPi =  piΔT (1)

where pi is the pyroelectric coefficient (−4 × 10−5
�

���
), and it takes a high electrical field, 

such as 106–108 V/cm, due to high uncompensated charges density. This phenomenon 

induces liquid suspension to generate micro-drops that are deformed by the electrical 

field, and then they are deposited on the substrate. The je�ing phase is monitored by the 

monitoring system, which is composed of a fast camera, an optical zoom lens, and a blue 

LED light (Figure 3). 

 

Figure 3. Pyroelectric–Electrohydrodynamic (pyro-EHD) system components and working phase. 

This IJP technique is slowly spreading into the MEMS fabrication world because of 

its high resolution and the possibility of printing 3D structures directly onto existing 

devices with a fine spatial accuracy, even if there is a big issue about reproducibility, due 

to the distance between the substrate and the reservoir, which needs to be actively 

controlled during the printing process [24]. 

2.4. Powder Bed Fusion 

Powder bed fusion (PBF) processes are AM technologies where a thermal energy 

source selectively fuses a powder, which can be metallic or polymeric. A fixed amount of 

the powder is spread onto the building bed using a recoater, usually a roller, to obtain a 

smooth and homogeneous layer that guarantees the density and the homogeneity of the 

layer. After that, the thermal source is activated, and the fusion of the powder particles 
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starts in the selected regions. Commonly, the energy source is a laser beam that is focused 

on different points of the area in the XY plane. Other possible energy sources are high-

power electron beams or infrared light, which heats up regions where a heat-conducting 

liquid has been previously dispersed. Then, the consolidation of the single layer happens, 

because of the coalescence between particles due to the temperature increasing in the area. 

The heated part solidifies with the cooling down of the powder bed; lastly, the printing 

bed is lowered a one-layer thickness, to deposit a new layer of powder [16]. One of the 

widespread powder bed fusion techniques is selective laser sintering, for polymeric 

materials, and selective laser melting, for metals. The technology’s working principles and 

components are shown in Figure 4. 

 

Figure 4. Powder bed fusion technology working principles and system components. 

2.4.1. Micro Metal Laser Sintering 

Micro metal laser sintering (µMLS) is a powder bed fusion AM technology that works 

with metals, for high-resolution and high-surface quality parts. The working principle of 

this technique is the same as for all powder bed fusion processes, with a building bed for 

metallic powders, which are spread using a recoater. The spread powder is composed of 

sub-micrometric particles, which are sintered using a laser system, typically a 

neodymium:YAG (Nd:YAG) fibre laser for higher absorptivity and quality, which 

operates in a continuous or pulsed mode, in the range 100 W–2 kW, with a spot size 

between 50 nm and 180 nm [25,26]. Together with the laser head, a mirror-based system, 

made of a galvanoscanner and focusing lenses, helps the positioning of the laser spot at 

high speeds, ensuring high accuracy [26]. The achievable layer thickness with this 

technique is ~1 µm; that is why the particles used should have nanometric dimensions, 

preventing powder agglomeration during printing the process [25]. For the alignment of 

the layers, a metrology setup is employed for the nano-positioning system, with a 

resolution of 200 nm for the coating gap control and with a resolution of 10 nm for 

approaching the optical station for each laser scanning [25,26]. The printing substrate is 

fixed on the Z axis using a vacuum chuck, which has a heater, to lower the thermal 

gradient between the printing part and the powder but also to reduce the process energy 

needing. The whole printing system is positioned on a vibration isolation stage, to avoid 

possible damage to the parts [25]. To avoid an undesired chemical reaction due to gases 

in the printing close chamber, an inertial gas flow, like nitrogen or argon flow, is applied 

[26]. At the end of the printing process, the final object has to be cleaned of unsintered 

powder, using ultrasonication, and it has to be post-processed to enhance its mechanical 

or electrical characteristics [25]. The post-processing phase involves, first, a washing step 

to remove unsintered parts, then an annealing step at high temperature in an oven for a 

certain time. µMLS has several advantages, like the possibility of manufacturing movable 
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parts and assemblies at microscale with a high resolution; the vertical stacking of the 

printing parts can be accomplished, paying a�ention to the parts’ weight, without 

supports being needed, because the powder itself acts as support for overhangs and the 

stacked elements. The printed objects show a smooth surface and a high detail resolution 

and accuracy, even within complex geometries and shapes [27]. 

2.4.2. Selective Laser Melting 

Selective laser melting (SLM) is another 3D-printing technique that belongs to the 

family of PBF technologies, and it involves the melting and fusion of selected powder 

areas. As with other PBF processes, it starts with the deposition of a thin layer of powder, 

typically a metal one, on the printing bed inside the chamber. After that, the thermal 

source, a high-energy laser, is turned on and it selectively melts the material, according to 

the geometry, and, at the end, another powder layer is deposited above the melted and 

solidified one. During the process, the chamber can be filled with inert gases, like nitrogen 

or argon, to avoid oxidation, and it can also be pre-heated, to reduce the required energy 

for material melting. The commonly used laser system is the Nd:YAG fibre laser, at 1.06 

µm, even if there is a trend to replace it with y�erbium and the YAG (Yb:YAG) fibre laser 

nowadays; because it is highly absorbed by metallic powders in the infrared region, it has 

a longer lifetime, and it has a lower thermal loading per unit power. When the printing 

process ends, the printed object is cleaned of non-fused powder excess, and it is removed 

from the platform manually or through other processes, like electrical discharge 

machining (EDM). As with other AM technologies, SLM has some limitations in the 

resolution and accuracy that can be achieved for the printed parts, and these are also 

linked to the printing parameters. The typical range of values for layer thickness is from 

20 µm to 100 µm; the selection of the value is related to the particles’ size and their 

flowability, since bigger particles reduce the resolution and affect the build tolerance, 

while smaller ones tend to agglomerate and reduce the flowability, i.e., the deposition 

phase. Laser power, its scanning speed, and hatch spacing, are process parameters to 

consider in the optimisation phase of the printing process, because they determine if a 

single area is totally melted or if neighbouring areas are involved, and if the actual layer 

is fused with the previous one. Another important parameter is powder absorbance at the 

fixed wavelength, because it determines the volumetric energy density required for the 

process. It is strongly linked to the material—in particular, to its heat capacity and latent 

heat—and it is proportional to the mass of the material that has to be melted. If the energy 

dose is insufficient, the two subsequent layers cannot adhere, while if the laser energy is too 

high and the scanning speed is low, the high evaporation of the material can happen. If the 

hatch spacing is low, regular porosity can appear in the final part, due to the lack of fusion 

between two adjacent lines. However, after an optimisation step of the printing parameters, 

SLM can produce a complete, dense, near-net-shaped part, with a one-step process, without 

the need of intense post-processing treatments and without the need for binders, improving 

the printed object quality, the time for the process, and reproducibility of the printing 

process [28]. 

All the mentioned technologies have been grouped and classified in Table 1, 

summarising their working principles and their advantages and disadvantages. 
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Table 1. A summary of the mentioned AM technologies’ characteristics with their advantages and disadvantages, grouped following the ISO 52900:2021. 

Group Name Characteristics Advantages Disadvantages Ref. 

V
at

 

p
h

o
to

p
o

ly
er

is
a

ti
o

n
 t

ec
h

n
o

lo
g

ie
s 

SL 

Laser-induced point-to-point 

photopolymerisation of a resin inside a 

tank, layer-by-layer growth of printed 

objects over a Z-moving building platform 

 High accuracy at microscale 

 Good resolution (tens µm) 

 High surface quality 

 High complexity geometries allowed 

 High costs (because of laser) 

 Slow printing process (depends on printing 

parameters) 

 Need for post-curing process 

 Need for support structures for overhangs 

[5,14,15] 

DLP 

Projector-induced layer-by-layer 

photopolymerisation of a resin inside a 

tank, growth of printed objects over a Z-

moving building platform 

 Fast printing process (depending on the printing 

parameters) 

 High accuracy at microscale 

 Good resolution (tens µm) 

 High surface quality 

 High-complexity geometries allowed 

 High-throughput process 

 Great issues of shrinkage 

 Moderately expensive (compared to other 

commercially available technologies) 

 Need for post-curing process 

 Need for support structures for overhangs 

[5,14] 

TPP 

Laser-induced photopolymerisation inside 

a photoresist drop, growth of printed 

objects over a glass substrate (typically) 

 No need for a liquid-filled tank 

 High resolution at submicrometric scale 

(depending on objective’s numerical aperture and 

material–light interaction) 

 High-complexity geometries allowed 

 No need for support structures 

 Multi-material structures allowed  

 Flexible and precise printing process 

 High costs (because of laser) 

 High printing time (due to printing 

mechanisms) 

 Hardly scalable fabrication technology 

 Limited light intensity working window 

[14,16,17] 

M
a

te
ri

a
l 

ex
tr

u
si

o
n

 

FFF 

Extrusion of a semi-molten thermoplastic 

filament through a heated nozzle, layer-by-

layer growth of printed objects over a 

heated building platform 

 Low costs 

 Wide range of materials 

 High stability of the printed parts 

 No need for post-processing steps 

 Fast printing process (depending on printing 

parameters) 

 Scalability 

 Poor resolution (hundreds of µm) 

 Bad surface quality (staircase effect can 

appear) 

 Average accuracy 

 Need for support structures for overhangs 

[5,14,19,20] 

M
a

te
ri

a
l 

je
�

in
g

 

MJM/ 

PolyJet 

Drop-by-drop deposition of two 

photosensible materials, and consequent 

photopolymerisation through a lamp, on a 

Z-moving building platform. Layer-by-

layer growing of objects together with 

support structures 

 High accuracy (at sub-millimetric scale) 

 High resolution (at sub-millimetric scale) 

 Good surface quality 

 Clean process (thanks to closed printing chamber) 

 Easy part detachment from platform 

 Proprietary materials 

 Bad performance with high-aspect ratio parts 
[12,14,21–23] 



Micromachines 2024, 15, 678 11 of 46 
 

 

IJP 

No-contact direct writing of solutions or 

dispersions, drop-by-drop or continuous 

deposition through a thermal, 

piezoelectrical, or electrodynamical Z-

moving head on flexible or rigid substrates, 

moving along XY plane 

 High resolution (depending on printing 

parameters and ink properties) 

 High spatial accuracy 

 Fast solvent evaporation (heating the substrates) 

 Final result strongly affected by substrate 

we�ing properties 

 Slow printing process (depending on 

printing parameters) 

 Limited range of materials 

[14,16] 

Pyro-EHD 

Nozzle-free inkjet technology; deposition of 

liquid inks relies on a pyroelectric effect, 

thanks to a heating system that heats up an 

LN crystal and, consequently, the 

microscope glass ink reservoir. The drops 

are deposited on the substrate, positioned 

on a moving platform, and monitored with 

a camera. 

 High resolution 

 High accuracy 

 Deposition on already-existing 3D structures 

 Low reproducibility 

 Need for continuous control of distance 

between substrate and reservoir 

[14,16,24] 

P
o

w
d

er
 b

ed
 f

u
si

o
n

 

µMLS 

Metal submicron powders spread on a Z-

moving heated platform from a powder 

reservoir are sintered by a 100 W ÷ 2 kW 

Nd:YAG laser with spot size 50 ÷ 180 nm. 

The process is performed in a closed 

chamber to avoid undesired chemical 

reactions, and the whole system is on an 

antivibration table. 

 High resolution (at micrometric scale) 

 High accuracy 

 High quality and smooth surfaces 

 Prevention of powder agglomeration 

 Assemblies and movable parts printed together 

 No need for support  

 Post-processing required 

 High costs (because of laser and metallic 

powders) 

 Slow printing process 

 Requires high quantity of metallic powders 

[14,25–27] 

P
o

w
d

er
 b

ed
 f

u
si

o
n

 

SLM 

Powder reservoir filled with metal powders 

that are spread on a Z-moving printing bed, 

where a high-energy IR Yd:YAG laser 

selectively melts the material. The process 

is performed in a closed chamber filled 

with inert gases. The powder residues are 

eliminated through processes like EDM 

 Complete and dense near-net-shaped parts (if 

printed parameters are optimised) 

 One-step fabrication 

 No binders required 

 No need for support 

 Stacking of printed parts 

 Reproducibility 

 High-quality surface 

 Limited resolution (depending on particles’ 

dimension and layer thickness) 

 Limited accuracy  

 High costs (because of laser) 

 Small particles agglomeration 

 Layers adhesion problems (related to heat 

capacity, latent heat, and laser energy dose) 

[14,16,28] 
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3. AM Technology for MEMS Fabrication 

In the Italian research scenario, various AM technologies have already been applied 

to the fabrication of MEMS, and here we report an overview of the devices presented in 

the published works, divided according to the employed fabrication technologies. 

3.1. Vat Photopolymerisation 

3.1.1. Stereolithography 

Many of the 3D-printed MEMS have been fabricated through SL technology, which 

is one of the most accurate and high-resolution techniques. One interesting application 

has been reported by Scaccabarozzi et al. [29]; they fabricated a holder for a quar� crystal 

microbalance for space applications. Their work relied on the SL printer FormLabs 3D 

printer, with a printing resolution of 0.05 mm, and on FormLabs resin (FLHTAM02), 

which ensures the right mechanical and thermal characteristics, to obtain a compact and 

lightweight solution. Their holder design was determined using a finite-element (FE) 

approach, referring to some requirements for the same devices for space applications. It 

presented two disks that had to be assembled to handle the crystal but ensuring the 

insertion of electrodes at the same time; there were also holes for screws, to preload the 

crystal. Comparison of FE simulations with the device’s mechanical characterisations 

underlined the agreement between the experimental behaviour and expectations, even if 

further experiments in a space-like environment were required to validate the 

applicability of the device as a space microbalance. 

Other MEMS sensors fabricated through SL technology are the Coriolis mass 

flowmeter, by Pagani et al. [30], and the three-axes accelerometer by Zega et al. [31]. Both of 

these works report a double-step fabrication that involved SL 3D printing and copper wet 

metallisation, for a small size and a cheap and large-scale process. The first appearance of 

this two-step sensor’s fabrication was in 2018, when Zega et al. [32] made the first Z-axis 

accelerometer. They introduced the SL and wet metallisation of MEMS devices by studying 

them on three different single-ended configurations, which were first simulated using 

COMSOL® Multiphysics (https://www.comsol.com/comsol-multiphysics, accessed on 10 

April 2024). In the first configuration, two elongated suspending (300 µm out-of-plane 

thickness) springs allowed the motions of a 2 mm-thick proof mass, while in the second 

configuration, two folded suspending springs were fabricated, reducing the footprint by a 

1.42 factor. Last, in the third configuration, two diagonal folded springs were introduced. 

The simulated devices were fabricated and tested, showing good agreement between 

the simulation results and the experimental ones, a sign of the reliability of the design and 

fabrication flow. The first step of fabrication was the SL of the geometries, using DL260® 

as a resin (digital wax systems (DWS), Thiene, Italy), which was loaded with 20%wt. of 

amorphous silica, and the DWS028J+ (DWS, Thiene, Italy) as the printer, equipped with a 

monochromatic actinic laser (Solid State BluEdgeBE-1500A/BE-1500AHR). The resin 

mechanical characteristics (2.2 GPa Young’s modulus, a 29.6 MPa tensile strength, and an 

elongation at the break of 1.7%) gave to the printed part the desired mechanical behaviour, 

while the printer characteristics (30 mW emi�ing power at 405 nm, a laser spot of 11 µm, 

and a lateral and vertical resolution of 10 µm) allowed the reaching of the required 

dimensions for the final part, like a 20 µm layer thickness. For the capacitive readout, the 

printed MEMS sensor required an electrically conductive surface, both on the suspended 

mass and on the electrodes, so they introduced the Cu wet metallisation of the devices. 

Firstly, the resin surface was pre-treated with an alkaline solution because it was dielectric, 

in order to activate the electroless CU deposition. Thanks to this step, a 0.5 µm Cu layer 

was obtained. That layer acted as a starting point for the Cu electrolytic deposition, so a 

second Cu layer of 1.5 µm layer was obtained. Lastly, the Cu-metallised structures were 

fixed to two Cu planar electrodes, with a Polyethylene Terephthalate (PET) sheet of 100 

µm interposed for electrical insulation. These devices showed comparable or even be�er 
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performances compared to state-of-the-art MEMS accelerometers, in terms of sensitivity, 

linearity, and noise, ensuring the full customisation of them at the same time [32]. 

In [30], rectangular spiral channels were fabricated following the already described 

fabrication process, ensuring a completely customisable and fully 3D-printed sensor, 

lowering costs, and maintaining the desired performance. This flowmeter’s overall 

dimensions were 60 mm in length and 47 mm in width, with a channel diameter of 1 mm 

(with 500 µm-thick walls). The so-fabricated flowmeter was mounted on a printed circuit 

board (PCB), connected to the electrodes for actuation and for the readout step [30]. The 

already-cited work [31] explains the fabrication of a 3D-printed three-axes accelerometer, 

made using the same process described above [32], the SL printing of the basic structure, 

and its wet metallisation. The innovative 3D design of this MEMS sensor is exploited for 

3D symmetric acceleration measurements, and it included a suspended proof mass linked 

to the frames through folded springs. The designed geometry involved overall 

dimensions of 2.24 cm × 2.24 cm × 2.24 cm and a spring cross-section of 0.7 mm × 0.5 mm 

and a nominal gap between the mass and the fixed elements of 200 µm. This was possible 

thanks to the SL-printing technology, which overcame the limitations of traditional planar 

fabrication processes, and it also allowed the fabrication of small features, around a few 

hundred µm, with higher-sensitivity performances, compared to state-of-the-art MEMS 

accelerometers. The 3D geometry of the sensor was determined using the Multiphysics 

simulation, to avoid spurious modes due to the springs in the operation frequency range. 

The final part was Cu wet metallised using two different approaches, to determine the 

best solution for the external metallic coverage. Then, the device was fixed on a PCB using 

a conductive glue for the electrical connection, and the electrodes were fixed to the three 

axes using 200 µm PET sheets as a dielectric interlayer. Despite the manual assembly of 

these devices, these 3D-printed MEMS devices showed good performances, and, in 

addition, this third example displayed a symmetry of quality factor and low value of 

thermal noise [31]. The double-step fabrication process described was also applied in the 

fabrication of a MEMS actuator, like in [33], where a magnetic-actuated cantilever was 

made. This device, whose dimensions are 9 mm length, 0.6 mm width and 0.2 mm 

thickness, was printed like the sensors reported above, and then it was Cu metallised to 

obtain a first conductive layer. After that, a permalloy of NiFe layer was electrodeposited, 

and then it was covered by an electrodeposited Co layer. These two soft magnetic alloys 

presented a lack of permanent magnetisation that made them suitable for cantilever 

functioning, avoiding the interference of a permanent magnetic field and ensuring the 

correct response of the device to the external trigger. The movement of the cantilever was 

activated using a magnet, and the relative distance between them was varied and the 

deflection measured. The behaviour of this device seemed to be pseudo-linear at low 

magnetic fields; that made it controllable in actuation and suitable for some critical 

applications, like microfluidic control or electrical switching [33]. 

Sensors and actuators have not been the only MEMS devices fabricated via SL 

technology; the first steps were already taken in this direction for microfluidic devices in 

the early 2000s. Microfluidic chips are devices that contain a certain number of 

microchannels, whose diameters range from 1 to hundreds of µm. They can be made of 

different materials, like silicon, glass, and polymers, through several fabrication processes, 

like lithographic techniques. These microchannel collections are used as liquid and gas 

transport paths for target operations and analysis, improving their performances thanks 

to miniaturisation. Miniaturised device dimensions imply a reduction in the required 

working fluid volume, less waste, a more efficient analysis, alaminar flow that permits the 

observation of diffusion phenomena, more efficient heat dissipation [34], and an increase 

in the surface–volume ratio. 

In recent years, the use of SL technology has expanded for lab-on-a-chip and Bio-

MEMS device fabrication, due to its potentialities and performance. SL 3D printing allows 

the freedom of shape and design flexibility of the final device, a higher aspect ratio 

compared to traditional silicon-derived fabrication techniques, the availability of 
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biocompatible and transparent materials for microfluidic chip fabrication, and a simplified 

fabrication chain, which also implies lower costs and a higher production volume and 

fabrication speed. It is also true that some critical issues are still open for this kind of 

microfluidic device production technology, in particular, the compliance with strict 

dimensional tolerances and the desired mechanical properties, which remain stable over 

time [35]. These critical points have been faced by different works that show the possible 

application of SL technology for microfluidic device fabrication; here, we report some of 

them. 

Zeraatkar et al. [36] investigated the performances of different 3D-printing 

technologies for microfluidic device fabrication, comparing three of these techniques: SL, 

FFF, and PolyJet (Figure 5). 

 

Figure 5. Fabricated micromixers by three different methods of printing. (a) Micromixer with PolyJet 

in cross-section and top view, (b) micromixer with SLA in cross-section and top view, (c) micromixer 

with FDM in cross-section and top view. Reprinted from [36]. 

For instance, they fabricated micromixers, which are microfluidic components that 

help fluid dilution for chemical or biological reactions, relying on diffusion and chaotic 

advection phenomena, that can be passively or actively started. These mixing mechanisms 

require complex elements, like ridges and grooves, to ensure a correct mixing of the fluids, 

because the laminar flow alone takes a long time to mix the fluids, allowing only diffusion 

between them [37]. 

The design chosen in the work of Zeraatkar et al. [36] presented two inlets for the two 

fluids that were connected to the serpentine, which was a square-like channel consisting 

of 18 turns, whose dimensions were 600 µm wide and 600 µm high, and, at the end, there 

was an outlet. The SL apparatus used was Formlabs Form 2, while the printed material 

was Clear Form V2 UV, to obtain a transparent object, whose channels were closed with a 

tape. The inner surface of the SL-printed device was smooth, the channel dimensions 

showed li�le differences from the nominal ones, and the device ensured a good mixing 

efficiency at different flow rates [36]. 

Another example of SL 3D printing for microfluidic device fabrication is represented 

by the work of Dallari et al. [10], whose aim was to combine microfluidic technology with 

an optical sensor for surface-enhanced Raman sca�ering (SERS) analysis. SERS is a 

powerful optical detection technique that relies on the localised surface plasmons (LSPs) 

of metallic nanostructures, which interact with an electromagnetic field sca�ered by the 

analysed samples, even at low sample concentration. The metallic nanostructures had to 
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be placed inside the microfluidic chamber, where the fluid could interact with the metal 

nanostructures, generating a higher SERS signal after a mixing period. Microfluidic chips 

were made through the replica moulding of a mould 3D-printed using the XFAB 2500 HD 

stereolithography apparatus (DWS, Thiene, Italy), which uses a monochromatic actinic 

laser source, with a power of 30 mW at λ = 405 nm and a 50 µm laser spot diameter. The 

chosen resin is Vitra 430® (from DWS, DWS, Thiene, Italy), and the printed geometry was 

replicated using PDMS. The printed mould dimensions were 25 mm × 35 mm, with 

channel dimensions of 100 µm × 100 µm that connected the three chambers (whose 

diameter was 3 mm). Inside the microfluidic channels, gold nanostars were immobilised, 

using an -NH2 group induced on the PDMS surface through silanisation with aminosilane. 

To seal the channels, the replicas were bonded to a 200 µm-thick layer of flat PDMS, via 

plasma activation of the surface. The coupling between the microfluidic devices and 

optical sensors guaranteed a high versatility to the analysis platform, tailorable device 

design, and tuneable properties, varying the nanostructure inside the geometry [10]. 

Following the idea of reagent consumption reduction in optoelectronics devices for 

detection, Santangelo et al. [38] presented an integrated platform for ATP bioluminescence 

detection, coupling a microfluidic chip with silicon photomultipliers (SiPMs) to create a 

bioluminescent reader, reported in Figure 6. A SiPM is a solid-state light detector, made 

of a pixels array connected to a single common resistor that collects the output current 

level, where each pixel contains a single photon avalanche diode operating in Geiger 

mode, and a series of quenching resistors, to turn off the avalanche of the diode. This 

photodetector ensures a high quantum efficiency, high gain and speed, low operating 

voltage, and single-photon sensitivity. The use of microfluidic devices as a reagent-

channelling and reaction chamber allowed working with low reagent concentrations and 

volume consumption, a low-cost solution that managed to detect small amounts of ATP. 

The microfluidic chip was fabricated using an SL printer (Form 1+, from Formlabs, 

Somerville, MA, USA) and a proprietary transparent resin (Clear Type 02, from Formlabs), 

and the open side of the channels and reaction chamber were sealed with regular adhesive 

tape. The chosen solution ensured cost-effectiveness, an easy and short design time, and 

a simple fabrication process, even if the geometry was quite complex. The chosen design 

involved two inlets, with an internal radius of 500 µm, connected to a series of serpentine 

mixers that ended in a channel, whose other end was connected to the reaction chamber. 

After the fluids mixture passed through the chamber, there was another channel that 

ended with the outlet port. The SiPM was placed in contact with the reaction chamber, 

and it comprised 25 pixels fabricated on the same silicon wafer portion, insulated one from 

the other optically and electrically with excavations filled by oxide or metal. The SiPM 

was inserted into a box, with a small hole for contacting the reagents region, and the whole 

system was contained by a dark box, to avoid optical noise. Compared to commercially 

available bioluminescence readers, this configuration showed a similar sensitivity and low 

noise, enabling the evaluation of small concentrations of ATP with a compact and low-

cost solution that had good stability, reproducibility, and acceptable experimental errors. 

It opened up the fabrication of bioluminescence measurement systems for the real-time 

monitoring of biological events, for clinical diagnostics, and other applications in chemical 

and biological analysis [38]. 

 

Figure 6. Silicon photomultiplier (SiPM) for ATP detection through bioluminescence. All the 

microfluidic features of the device are reported. Reprinted from Biosens Bioelectron, vol. 99, M. F. 
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Santangelo, S. Libertino, A. P. F. Turner, D. Filippini, and W. C. Mak, “Integrating printed 

microfluidics with silicon photomultipliers for miniaturised and highly sensitive ATP 

bioluminescence detection,”, pp. 464–470, Jan. 2018, with permission from Elsevier [38]. 

3.1.2. Digital Light Projection 

There are some examples in the literature that report the use of DLP as a fabrication 

process for MEMS devices, thanks to its a�ractive features, like the fabrication of complex-

shaped designs, a single-step process, lower costs, versatility, the tunability of the final 

part’s properties, changing materials and printing parameters, a high resolution, and high 

surface quality. 

The possibility to integrate mechanical features, electrodes, and electronics for 

physical stimuli and for chemical or biological analysis has pushed the research to find 

the best method for lab-on-a-chip (LoC) fabrication, starting with microfluidic devices. 

Herein is reported, as a first example of DLP application to MEMS devices, in 

particular for microfluidic platform fabrication, the work of Gonzalez et al. [39]. In this 

study, they prepared a PDMS-like resin for microfluidic devices, and they used as a 

fabrication technique DLP 3D printing. Their resin contained an acrylate 

polydimethylsiloxane copolymer as the oligomer, TEGORad2800 (Evonik, Essen, 

Germany), a blend of phenyl bis(2,4,6-trimethylbenzoyl) phosphine oxide (BAPO), 

composed by a BAPO-methyl ester, a BAPO-isooctyl ester, and isooctanol as the photo-

initiator, dispersed red 1 methacrylate (DR1-MA) as a visible-light absorber dye, and 

methyl methacrylate (MMA) monomer for solvating the dye. The microfluidic chip was 

fabricated using an Asiga PICO 2 DLP-3D printer (Asiga, Alexandria, Australia), which 

presents a LED light source at 405 nm, an XY resolution of 50 µm, and a Z resolution of 1 

µm. The selected printing parameters were a layer thickness of 50 µm, light intensity of 

20 mWcm−2, and exposure time of 10 s per layer. Different complex microfluidic platforms 

were printed, as reported in Figure 7, and the unreacted double bonds were used for 

a�aching functional molecules on the channel surface, to enhance the surface properties 

compared to classical PDMS devices obtained through soft lithography. The printed 

samples showed high chemical stability, good mechanical properties, flexibility, 

stretchability, and high optical transparency, and their surface properties were proven to 

be easily and selectively modifiable; all these considerations demonstrated the 

compatibility of this fabrication process with the requirements for microfluidic platforms 

for several applications. 

 

Figure 7. DLP-printed microfluidic objects compared to their CAD models. (a) 3D printed 

microfluidic chip with an s-shaped channel of 800 µm of diameter; (b) Two 3D printed wells 

connected by a 1 × 1 mm2 square section channel; (c) Trapezoidal 3D printed microfluidic chip with 

a 1 × 1 mm2 channel square section. Reprinted from Advanced Material Technology, vol. 5, no. 9, G. 
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Gonzalez, A. Chiappone, K. Dietliker, C. F. Pirri, and I. Roppolo, “Fabrication and Functionalisation 

of 3D Printed Polydimethylsiloxane-Based Microfluidic Devices Obtained through Digital Light 

Processing”, Sep. 2020, with permission from John Wiley and Sons [39]. 

A further example of DLP’s application to microfluidic chips is the work of 

Bucciarelli et al. [40], which reported the optimisation process for device fabrication 

through 3D printing of a commercial transparent resin, GR-10 from pro3dure medical 

GmbH, that is also biocompatible, according to ISO-10993 [41]. This resin, made of 

bisphenol A-ethoxylate dimethacrylate (2 EO/Phenol) and BAPO, was 3D printed with an 

Asiga MAX X27 UV, from Asiga, whose characteristics are a printable volume of 51.8 mm 

× 29.2 mm × 75 mm, an XY resolution of 27 µm, and a high-power LED at 385 nm. The 

printed object had high-aspect ratio-critical features, namely, a series of squared pillars 

with 100 µm width and 1.2 mm height, inside the 2 mm-thick fluidic chamber. In order to 

compare the fluidic performances of traditional PDMS microfluidic chips obtained 

through replica moulding with the 3D-printed devices, they sealed the printed chip with 

a PDMS layer through oxygen plasma treatment, then they performed a fluidic test, 

inserting a mix of food dye and water using a syringe pump, for one week. The fabricated 

devices demonstrated that, by tuning the printing parameters, it was possible to achieve 

small features (down to 50 µm) with a high aspect ratio, up to 60, using DLP for the direct 

fabrication of microfluidic devices, while it was more difficult with replica moulding, 

because of the incomplete PDMS curing at the mould–PDMS interface, the material 

density and the detachment required force, due to surface roughness that should be 

smoothed with a post-treatment. Directly 3D-printed chips also showed a higher 

resolution, no leakage, high transparency, and a higher Young’s modulus and yield stress, 

even if the printed parts should be sealed with an additional step, and they also showed 

an excess in the XY dimension (around 28%) in respect to the nominal CAD dimension, 

probably linked to the higher exposure time required for high-aspect ratio structure 

fabrication. However, the intermediate step of channel sealing allowed the achievement 

of a deep cleaning of the piece, and the possibility to combine other fabrication 

technologies such as bioprinting or to insert elements like electrodes and sensors before 

the sealing [40]. 

Another application of DLP for MEMS device fabrication is represented by the work 

of Stassi et al. [42], which developed a micro-cantilever for biosensing. The developed 

device was 8 mm in length and 9 mm in width as a footprint area, and each cantilever had 

a width of 0.7 mm and a height of 0.2 mm. They chose DLP as the fabrication technology 

to overcome limitations in the production of resonant mechanical structures for mass 

sensing, such as the reaching of a high resolution, very low thickness, the need for 

functionalisation, and a long preparation time, because of the 3D-printing advantages 

described above and the use of polymers instead silicon as a surface material. The printing 

device was made of a home-made resin, whose composition included bisphenol A 

ethoxylate diacrylate (BEDA) as a monomer, acrylic acid (AA), as a functionalisation 

agent, bis-(2,4,6-trimethylbenzoyl)- phenyl phosphine oxide (Irgacure 819, BASF) as a 

photo-initiator, and reactive orange 16 (RO) as a dye to control light penetration during 

printing. This resin was printed with the Freeform Pico Plus 39 DLP printer from Asiga, 

(Alexandria, Australia) whose characteristics are XY resolutions of 39 µm, a layer 

thickness range from 10 to 100 µm, a build area of 50 mm × 30 mm × 150 mm, and a light-

emi�ing diode light source that emits at 405 nm, with an intensity of 22 mW·m−2; the 

selected printing parameters were a layer thickness of 25 µm and an exposure time of 0.8 

s per layer. Thanks to the resin composition, they were able to control the number of 

available active groups on the surface of the cantilever, which helped in the enzymatic 

functionalisation of the device for biosensing application, while the use of 3D-printing 

technology reduced the time for fabrication and allowed the production of an array of a 

micro-cantilever for parallel measurement processes [42]. 
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Finally, a fabrication technique that is projection-based is projection 

micro-stereolithography (PµSL) patented by the Boston Micro Fabrication (BMF) 

company (Maynard, MA, USA). An application example can be found in the work of Sai�a 

et al. [43], which printed a micro-optofluidic device. PµSL is a special type of DLP 3D 

printing, which enables the rapid fabrication of complex 3D structures at microscale, layer 

by layer, thanks to the combination of traditional SL features with advanced digital 

technology for projection lithography [34]. This process has many advantages, like a short 

fabrication time, a high precision at microscale, and the possibility of printing complex 

shapes with a one-step process. The device fabricated in [43] showed optical and 

microfluidic features, because it had one channel along the Y axis for the optical fibres and 

a T-junction along X axis for fluid flow. This configuration was chosen for the detection of 

slug passages inside the device, reading the optical signals within the fibres. The fluids, 

with different refractive indexes, were inserted into the two inlets of the T-junction, and 

they flowed throughout the microfluidic channel. During their passage, they interacted 

with a light beam emi�ed from the optical fibre, transmi�ing it and sca�ering it according 

to their own refractive index. The other optical fibre detected the transmi�ed light, and 

the recorded signal was used for slug passage detection. The chosen material was HTL 

resin from BMF, because of its temperature stability that makes the final device suitable 

for repeated autoclave cycles, and also for its water contact angle, ensuring that no flow 

instability is generated into the channel, even if the resin’s optical properties are not 

optimal, compared to the PDMS that is traditionally used for microfluidic devices; the 

printer used for the device fabrication was the microArch®S140 ultra-high-resolution (10 

µm) 3D printer, from BMF [43]. 

3.1.3. Two-Photon Polymerisation 

As previously stated, TPP technology allows the fabrication of geometries at a sub-

nanometric range that are impossible to obtain with different alternatives. The group of 

Cojoc et al. [44] fabricated micro-optics with different shapes on top of optical fibres 

through TPP, because it ensures freedom for complexity, good accuracy and resolution, a 

few-fabrication-steps process, and the use of a transparent substrate and photosensitive 

materials with good optical properties. The first fabricated optic was a convergent optic 

with a curvature radius of 7 µm, the second one was an axicon lens with an apex angle of 

117°, and the third one was ring-shaped, with a thickness of 0.9 µm. They used a custom-

made setup for TPP, with a 100 fs pulse width, 80 MHz Ti: Sapphire laser oscillator as an 

excitation source, and they worked at 720 nm as a wavelength and 7.5 mW power. The 

facility also presented a fibre holder mounted on a platform and a piezo stage that could 

move along the X, Y, and Z axes with a maximum displacement of 80 µm. As a photo 

resin, they selected the UV-curing adhesive NOA 63 (Norland, Jamesburg, NJ, USA), that 

has an optimal sensitivity at 350–400 nm, a good adhesion to the glass substrates, a low 

cost, and a suitable reflective index. A drop of resin was positioned in the centre of a glass 

substrate, a microscope coverslip, and it was kept in close contact with the optical fibre 

end; the distance between the coverslip and the fibre end should be below 200 µm. The 

fabrication of 3D structures was achieved through the scanning of the sample, with two 

different strategies, which were annular scanning with a fixed constant step in the Z 

direction and annular scanning with a variable step in the Z direction, according to the 

desired shape. The optics-printing tests showed that different shapes of micro-structures 

could be obtained, with good optical performances and a fine control of complex features, 

making TPP a good alternative to traditional fabrication processes [44]. 

The second example of the TPP fabrication process for MEMS devices is present in 

the work of Stassi et al. [17]; they made rigid nano-resonators with a high quality factor 

using a TPP approach. They prepared their own photopolymeric liquid ink based on 

metal salts and photocurable groups; in particular, they chose metal chloride salts to 

dissolve into propylene glycol and an AA solution. The ink was crosslinked with TPP for 

the nanometric resolution required for the NEMS resonator, and the final printed part 
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faced a densification step to eliminate the organic part and to consolidate the metal 

precursor, obtaining a rigid ceramic structure with a high Young’s modulus and low 

damping at the end. For that purpose, the metal precursors were neodymium (Nd) and 

YAG, because the Nd: YAG composite shows a high elastic modulus and intrinsic 

properties like a gain medium. They printed three different designs as resonators—

clamped–clamped beams (bridges), single-clamped beams (cantilevers), and circular 

membranes—with a length range from 20 µm to 50 µm, a width range from 2 µm to 5 µm, 

and a thickness range between 250 nm and 2000 nm, using the Photonic Professional GT 

printer, from Nanoscribe GmbH (Eggenstein-Leopoldshafen, Germany). The printed 

objects showed high quality factors, up to 150,000, that depended on the device’s 

thickness; the thinner devices had a higher Q and high sensitivity, comparable to silicon-

based NEMS, but the fabrication process was easier and faster, because it requires fewer 

fabrication steps and lower costs [17]. 

Another interesting application of TPP technology in the MEMS world is represented 

by the work of Dehaeck et al. [45], which fabricated microgrippers that relied on capillary 

force to grip the component. The presence of a liquid layer helps the components to 

maintain a scratch-free surface, and it also excludes the influence of surface irregularities 

on the grip force. For this purpose, they developed a hybrid fabrication process, made of 

two steps, to obtain a final device with features at different-length scales—the centimetric 

and micrometric scale. The two fabrication processes were as follows: SL for the 

macroscopic part, the tip holder, that also comprised the opening for the connection of the 

tubes; TPP for the microgripper, which presented four pillars and a central hole for the 

water that was the liquid chosen for the capillary grip of the components. The selected 

TPP machine was Nanoscribe Photonics Professional GT, and the resist was Nanoscribe 

IP-L 780 (both from Nanoscribe GmbH, Eggenstein-Leopoldshafen, Germany), in a dip-

in configuration using a 25 X objective. For a good adhesion and to avoid a 

mechanical/thermal mismatch of the two printed elements, they chose SL resin Autodesk 

PR48 and, as the SL machine, that Autodesk Ember 3D printer (both from Autodesk, San 

Francisco, CA, USA) that works with a UV projector with a pixel-size of 50 µm and a 

slicing distance of 25 µm. The microgripper dimensions were designed starting from the 

1005 SMD capacitor as the component to grip; so, the rectangular-shaped design had a 0.5 

mm × 0.5 mm surface, with a 0.5 mm overhang of the component’s surface compared to 

the gripper’s, that took the SMD so as to be picked up obliquely and to be released when 

the more exposed extremity met the surface, as shown in Figure 8. 

 

Figure 8. Microgripper working phases: component-gripping frames are (a–c) and (g,h); 

component-releasing frames are (d–f). Reprinted from [45]. 

The major challenge in this scenario was the positioning of the microscopic 

component on top of the macroscopic component, which required the direct 

manufacturing of the microgripper on the SL-printed device, after a pre-printing 
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alignment step. First, the SL-printed part was positioned in the TPP printer, then the 

interface between the solid part and the liquid resist was found, to have a Z-reference for 

the print. Last, the position of the centre of the liquid channel was defined manually, to 

identify where the central hole should be fabricated. Thanks to this hybrid fabrication 

approach, they made microgrippers with a high resolution and highly complex design, 

but some issues were still unresolved. Sometimes, they found liquid leaks in the system, 

probably due to the limits of the manual alignment or cracks in the holder. They also 

noticed a micro-explosion during polymerisation with the Nanoscribe, perhaps linked to 

some debris floating in the IP-L resist. Last, the printing time was high, around 5 h, and 

the process was difficult to speed up in a cost-effective manner [45]. 

3.2. Material Extrusion 

Fused Filament Fabrication 

Material extrusion technology—in particular, FFF—is gaining ground in the MEMS 

scenario, for its low cost, its quite wide range of materials, its versatility, and the potential 

lightness of parts that is a more and more general requirement in several fields, like the 

automotive and avionic. Inertial MEMS sensors, as accelerometers and gyroscopes, are 

widely applied in these sectors, because they can measure the earth rate and estimate the 

heading angle without the need for other sensors, thus proving to be a necessary and 

essential tool for navigation. However, they present some drawbacks, like a high cost and 

high sensitivity to environmental conditions, especially the smaller ones, affecting 

measurements and reducing their applicability. A commonly adopted solution in inertial 

measurement units (IMUs) MEMS relies on a redundant configuration that can include 

redundant geometrical forms in the same IMUs, or the integration of multiple IMUs on 

the same system configuration, identifying and isolating failures, mitigating errors in the 

measurements, and increasing accuracy and robustness. 

An example of MEMS redundant IMUs is presented by de Alteriis et al. [19], which 

proposed a packed navigation system composed of multiple IMUs mounted on a 3D-

printed structure, to ensure protection to the sensors and to achieve a reduction in the 

weight and dimensions of the final part, with enhanced mechanical properties. In their 

work, they used the “Mark Two”, from Markforged™ (Waltham, MA, USA), as a 3D 

printer and an FFF machine with two extrusion head to deposit two materials in parallel; 

one was the base material, ONYX (from Markforged™), and one was the reinforcing 

material, carbon fibres. They printed a 5 cm × 5 cm × 5 cm cubic structure, composed of 

six panels; each of them was made up of 16 layers, whose thickness was 0.125 mm. The 

central eight layers were reinforced with carbon fibres, with a stacking sequence of a 0°, 

45°, 90°, and 135° inclination, to obtain a higher mechanical resistance and performance 

even at higher temperatures, thanks to their controlled alignment and positioning, while 

the first and last four layers were made of ONYX alone. They evaluated some noise 

parameters, like bias instability and random walk, through Allan variance, and the 

internal temperature’s influence on these measures, to understand the performance and 

reliability of the system. The results showed that this 3D-printed IMUs system had the 

ideal shape factor for an Unmanned Aerial System, thanks to the customised design and 

high mechanical performances, due to the reinforcement with carbon fibres, and the 

accuracy and reliability of the measurements are comparable to a standard system [19]. 

To reduce thermal influence in IMU-MEMS accelerometers, the group of Ruzza et al. 

[46] evaluated their thermal behaviour on board, in a tilted configuration, mounting one 

of them into a homemade thermal chamber. This was composed of three parts: a 

thermoelectric cooling and heating element (TEC), a power driver, and temperature 

sensors; it was coupled with the tilting device, that allowed the performance of 

measurements during the inclination phase. The tilting device was made of a biaxial 3D-

printed tilting frame and a couple of servomotors to control the inclination, and it was 

printed with an LAB54 printer, from 3DPRN, in ABS, at 210 °C with a velocity of 30 
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mm*s−1. The designed structure allowed a biaxial tilting of the chamber, in order to test 

the thermal response of accelerometers actioned on two axes, with low-cost, open-source, 

reproducible and easy-to -ecover components [46]. 

Another example of an inertial MEMS sensor fabricated with FFF is the work of Barile 

et al. [47], which presented a differential capacitance-based accelerometer, with a 

symmetrical structure, for an equal response along the three axes. They chose this 

fabrication technology because it allows one to speed up the fabrication process; it is easier 

compared to traditional one; it allows one to couple different materials during the same 

process in a simple way, assigning the correct material to each part of the object; and it 

also allows one to act quickly in the case of defects or malfunctions, substituting the faulty 

part rapidly. They fabricated three suspended proof masses using a Protopasta 

Conductive filament and a blend of polylactic acid (PLA) and carbon black, while the 

insulating structure, and the springs that suspend the masses were printed using only 

PLA; the supports were made of polyvinyl alcohol (PVA), and they were removed through 

water solubilisation after the printing process. They used as printer the E3D Tool Changer, 

from E3D, which had three different tools for each material, avoiding mixing and 

contamination. They tested the printed MEMS through a pulse response experiment, 

frequency response experiment, and input–output (I/O) characteristic evaluation, to 

obtain a complete sensor characterisation. They verified that the lower the mass density, 

the higher the resonance frequency, and the response linearity fell as the mass sensor 

decreased, while the slope of the I/O characteristic increased when the proof mass 

increased, so it had high sensitivity. These results indicated that it is possible to obtain, 

through FFF, a MEMS capacitive accelerometer, with a tailorable shape, performance, and 

material that can be varied in correlation to the application [47]. 

Moving from inertial MEMS sensors to microfluidic MEMS ones, a first example is 

the work of Moscato et al. [11], which presented a substrate-integrated waveguide (SIW) 

for the real-time characterisation of fluids under Ultra-Wideband (UWB). They printed 

two microstrip transmissions lines (the first one, 45 mm length, and the second one, 60 

mm length; both had a width of 3 mm) which were fabricated on a t-glass substrate, whose 

thickness was 1.2 mm. They decided to adopt FFF technology to fabricate the microfluidic 

device because it allows the of manufacture of pipes and cavities directly on the substrate 

without the need for additional steps or silicon technology, obtaining a multi-folded pipe, 

with a square cavity, embedded into the dielectric substrate. The material used for 3D 

printing with Metal Plus, a machine from Printrbot that presents a vertical resolution of 

0.1 mm suitable for small empty cavities, was t-glass, from Taulman3D, which is a PET 

derivative, with a low loss tangent and moderately high dielectric constant. The 

implemented design had two vertical holes for the inlet and the outlet, for continuous 

flow, and they had the same pipe diameter. The length of the pipes, their distance, and 

number were designed to optimise the filling of the SIW surface, together with the 

consideration of the limits of the manufacturing technology. Thanks to this fabrication 

technique, they were able to print a sensor with a high quality factor, high sensitivity, and 

high accuracy, as their tests showed, paving the way for future application with organic 

fluids [11]. 

On the same page is the work of Di Giampaolo and Di Natale [48], who fabricated a 

microwave sensor through the FFF printing of PLA. Their study stems from the need for 

a highly sensitive, reliable, and accurate sensor for biochemical analysis, that allows 

working with a small volume of samples, so they designed a very thin and flat T-

resonator, that used the resonant frequency and quality factor to measure material 

properties with some modification, such as introducing a stub line (0.5 mm diameter) in 

the substrate, to perturb the resonator behaviour, which showed the different resonant 

frequency of the material at specific points, allowing one to distinguish the material inside 

the channel. Their 0.8 mm-thick substrate also had a honeycomb structure, to reduce 

undesired losses and to increase the electric field in the channel. The fabricated part was 

tested to evaluate its performance, and they found that this structure was able to work 
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with only 12 µL of fluid, it was highly sensitive to permi�ivity variation varying the 

working liquid, and it also permi�ed the integration of more channels to increase the 

efficiency of the analysis, obtaining a high-throughput platform for a microfluidic assay 

[48]. 

The group of Zeraatkar et al. [37] have presented another application for a 

microfluidic device printed through FFF, a Y-shaped micromixer with ridges inside the 

channel. They selected crystal-clear PLA, from Fabbrix (Ruvo di Puglia, Italy), as the 

material, and the Ultimaker S5 printer, from Ultimaker (Utrecht, The Netherlands), as the 

FFF machine, using two different nozzles: the 0.25 mm-diameter nozzle, for an infill width 

of 200 µm, and the 0.4 mm-diameter nozzle, for an infill width of 600 µm. They chose a 

layer height of 100 µm, an infill line distance of 200 µm and 600 µm and an infill extrusion 

angle of 60°, a printing temperature of 200 °C, a built plate temperature of 60 °C, and a 

printing speed of 70 mm*s−1. The printed geometry included two inlets and one outlet, 

whose diameters were 0.5 mm and 0.75 mm respectively; two inlet channels of 600 µm in 

length and width; and one mixing channel 52 mm long, whose width was 900 µm and 

length was 600 µm. The ridges inside the channel were a consequence of the printing 

parameters; in particular, they came from the width of the infill filament, the layer 

thickness, infill orientation, and distance between adjacent filaments; so, they measured 

the final ridges’ dimensions after the printing process, to define the correlation between 

the printing parameters and ridges formation. They also correlated them with the mixing 

performances of the printed devices, measured using, as fluids, methylene blue dissolved 

in distilled water and distilled water flows, and they found that devices with a channel 

width of 600 µm and channel height of 300 µm had a ridges height–depth ratio of 0.33 and 

they also showed the best mixing properties, ensuring a short time and requiring a 

relatively short channel length. Lastly, these features were fabricated without the need for 

complex surface-pa�erning machining or external devices for active mixing, reducing the 

complexity and cost of the whole system. 

To be�er understand the influence of the printing parameters on the formation of 

ridges and, in general, on the mixing performance of the FFF-printed micromixer devices, 

they also performed a deeper investigation on them, in reference [20]. They fabricated the 

same devices described above, using two different PLA materials from Fabbrix, 

transparent PLA and translucent PLA, and two different printers, the Ultimaker 3 and the 

Ultimaker S5, from Ultimaker (Figure 9). The characteristics of the printers were as 

follows: a layer resolution of 20–200 µm in the Ultimaker 3, and 60–150 µm and 20–200 

µm in the Ultimaker S5, based on the nozzle used, 0.25 mm or 0.4 mm, and an accuracy 

along three axes of 12.5 µm, 12.5 µm, and 2.5 µm for the Ultimaker 3 and, and 6.9 µm, 6.9 

µm, and 2.5 µm for Ultimaker S5. During the printing phase, some parameters were fixed, 

like the printing temperature (190 °C for the 0.25 mm nozzle and 200 °C for the 0.4 mm 

nozzle), printing speed (30 mm*s−1 for the 0.25 mm nozzle and 70 mm*s−1 for the 0.4 mm 

nozzle), layer height (100 µm for the 0.25 mm nozzle and 100 µm for the 0.4 mm nozzle), 

orientation (60° for the 0.25 mm nozzle and 60° for the 0.4 mm nozzle), flow (100% for the 

0.25 mm nozzle and 100% for the 0.4 mm nozzle), infill line distance (0.2 mm for the 0.25 

mm nozzle and 0.6 mm for the 0.4 mm nozzle), and built plate temperature (60 °C for the 

0.25 mm nozzle and 60 °C for the 0.4 mm nozzle), while the others were varied and their 

influence on the mixing performances evaluated. Changing the flow rate from 50 µL*min−1 

to 100 µL*min−1, they observed that the complete mix length increased, while increasing 

the line width from 200 µm to 600 µm, the length for a complete mix decreased. The 

different materials did not have an influence on the mixing performances, because all of 

them are hydrophobic, but they influenced the possibility of monitoring the fluid flow, 

due to the opacity of translucent PLA and the semi-transparency of transparent PLA, 

which required back illumination to perform imaging techniques. Between the two 

selected printers, the Ultimaker S5, which had be�er accuracy, ensured devices with be�er 

mixing performances [20]. 



Micromachines 2024, 15, 678 23 of 46 
 

 

 

Figure 9. FFF-printed micromixers, whose channels were filled with different colourants, to verify 

the mixing power of the device. The (a) model was made in translucent PLA, the (b) model was 

made in transparent PLA. Reprinted from [20]. 

3.3. Material Je�ing 

3.3.1. Multi-Jet Modelling/PolyJet 

Nowadays, PolyJet technology, developed by Stratasys, is widely used in the MEMS 

field for different applications, like actuator fabrication or the microfluidic device replica 

moulding process. 

The first example here reported comes from the group of Spina et al. [2]; they 

explored the possibility of directly 3D printing a soft robotic actuator that integrated a 

pressure sensor, for tactile and gripping applications. Their inspiration came from living 

organisms that show a proprioceptive ability; so, they tried to replicate it in an artificial 

finger that generated force and provided feedback about pressure, through a series of 

microchannels where a liquid metal, eutectic gallium–indium (EGaIn), flowed with a 

certain resistance that varied with pressure. This device was conceived from the 

perspective of collaborative manufacturing for middle-sized parts. The printed object, 

whose CAD rendering is reported in Figure 10, was fabricated with Objet30 Prime®, from 

Stratasys, a PolyJet printer with a 28 µm resolution, using as a printing material the 

TangoBlack® FLX973 rubber-like acrylic and, as a support material, SUP706, both from 

Stratasys. The microchannels were seven in number, with a diameter of 350 µm each, and 

they were connected to the electronic readout for a real-time monitoring of the pressure 

value during the gripping phase. The actuator part was composed of a ring-shaped 

structure mounted over a hollow main body, pneumatically actuated, so the insertion of 

the air inside the main channel provoked the expansion of the wall, which meant the 

deflection and bending of the whole structure. 

 

Figure 10. Polyjet-printed actuator; functional parts are indicated by arrows: structural elements, 

inlets and outlets for air flux, pressure sensors, and channels for EGaIn. Reprinted from Flexible and 
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Printed Electronics, vol. 4, no. 3, F. Spina, A. Pouryazdan, J. C. Costa, L. P. Cuspinera, and N. 

Münzenrieder, “Directly 3D-printed monolithic soft robotic gripper with liquid metal 

microchannels for tactile sensing,” Aug. 2019, with the permission of IOP Publishing, Ltd. [2]. 

The initial air pressure controlled the bending angle, and, simultaneously, the sensors 

determined the pressure applied during the grip, that could be up to 900 kPa. This scheme 

was designed to be�er distribute the stiffer region on the main body and the less stiff one 

on the ring, and to achieve a be�er mechanical resistance to deformations, because the 

material mechanical properties were quite low. The performed mechanical tests revealed 

that the maximum bending angle for the structure was 12°, with an actuating pressure of 

16 kPa, to avoid damage and fractures to the material, but if the bending radius became 

<1.2 cm, there was permanent damage to the devices, in particular, to the sensor part. The 

sensor detected up to 900 kPa, sensing the hydraulic resistance variation and, through it, 

the electrical variation. The material showed a high resistivity, so the power consumption 

was low, while the sensor lifetime was significantly high, up to 48 h, even if the sensitivity 

was lower compared to the state of the art. The sensor’s working frequency was limited 

to 3.6 Hz, linked to the printing material and channels geometry, but it was sufficient to 

cooperate with the 0.3 Hz actuator with which it was paired, in order to efficiently control 

the sliding and gripping of the elements, with a 2.5 N gripping force and 16 kPa actuating 

pressure guaranteed [2]. 

Another MEMS actuator fabricated through PolyJet technology is reported in the 

work of Savaş et al. [8]; they presented a scan head for laser-scanning endoscopy, 45° tilted 

with respect to the probe axis. They tested three head types, a 10 mm × 10 mm commercial 

one, a 10 mm × 10 mm 3D-printed tilted one, and 5 mm × 5 mm 3D-printed tilted one. 

Because of the small dimensions and high accuracy and resolution required, they chose to 

print the scan heads using a mix of the Stratasys materials, Veroclear and TangoBlack 

(Stratasys, Eden Prairie, MN, USA), for the 5 mm × 5 mm, and the Veroclear alone for the 

10 mm × 10 mm. They evaluated the performances of these devices, to compare them with 

state-of-the-art MEMS, and they found that the 3D-printed 10 mm × 10 mm, both the 

conventional and the tilted, showed a total scan angle of 80° for 106 cycles, higher 

compared to the literature. They also noticed that, due to the higher modal frequencies of 

the first, second, and third mode of the 5 mm × 5 mm device, the smaller scan head could 

ensure an SVGA resolution at 10 frames per second (fps) and VGA resolution at 15 fps, 

which made it suitable for one-time-use endoscopic applications. In their devices, they 

inserted a silicon reflective mirror reinforced with printed material and a magnet to avoid 

the deformations that can cause a distortion of images, decreasing the number of resolved 

spots. Their design proved to be more resistant to distortion, compared to state-of-the-art 

MEMS, thanks also to the lower scan speed, ensuring at the same time more compactness, 

due to the 33% of volume reduction achieved [8]. 

As with the other technologies presented above, PolyJet/MJM has been proposed in 

the literature as a fabrication technique for microfluidic devices that have been directly 

3D-printed or fabricated through the replica moulding of a 3D-printed mould. 

A first example of this second type of application is reported in the work of Cairone 

et al. [49]; they fabricated a micro-optofluidic switch, using a T-junction coupled with 

three channels for the optical fibres. In a micro-optofluidic switch, a laser beam is reflected 

and transmi�ed selectively through a channel filled with a two-phase flow; in this study, 

they were air and water. These two materials show different refractive indexes, and the 

laser impacts on the fluid surface with a well-defined inclination angle, and it is 

transmi�ed or reflected following Snell’s law, which allows one to understand the final 

displacement of the light, considering the geometrical parameters, like the channel 

dimensions, together with the optical ones. The device dimensions were the following: 

the distance between the inlet and the junction was 13 mm, the inlet and outlet diameter 

was 2.4 mm, the channel width was 420 µm, then 250 µm, and the channel height was 520 

µm, then 350 µm. They fabricated and tested two versions, and both moulds were 3D-
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printed using, as a printer, Objet 30, from Stratasys, because it had a resolution of 49 µm 

in the plane and 28 µm out of the plane along the Z axis and the accuracy was 0.1 mm, 

while they selected as the printing material and support material Whiteplus 835 and 

FullCure 705 (Stratasys, Eden Prairie, MN, USA), respectively. After the functionalisation 

step of the moulds with Sokalan to enhance the PDMS peeling off, they replicated them 

using a PDMS precursor and curing agent mixed in a ratio of 10:1. The tests were 

conducted in static and dynamic conditions, and the results highlighted the advantages 

of this device, that was easy to design and fabricate; it did not require lenses or mirrors 

for the implementation of the optofluidic switch; and it was a low-cost fabrication process, 

that ensured a device with a good sensitivity and high precision, especially selecting the 

higher channel diameters [49]. 

An example of a microfluidic device direct 3D-printing fabrication is reported in the 

work of Barbaresco et al. [50]; they fabricated a chip for the separation of micro- and 

nanoparticles from a solution using the free-flow electrophoresis (FFE) approach, a 

versatile method that can segregate species from a continuous flow according to their size 

and charge. The FFE microfluidic devices include a central separation chamber, with two 

electrodes for the application of an electric field perpendicular to the chamber, pushing 

the charged species to deflect during their passage. In this study, they fabricated the 

device in Figure 11 through a PolyJet 3D printer, the Objet30 from Stratasys, with 

Verowhiteplus RGD835 as material (materials and printer from Stratasys, Eden Prairie, 

MN, USA). The microfluidic chamber, whose dimensions were 30 mm length, 13 mm 

width and 100 µm height, with elliptic pillars of 1 mm × 0.8 mm × 100 µm, was sealed 

using a 750 µm-thick PMMA cover, fixed thanks to a glue of PEGDA and Irgacure 819, 

thermally cured. At the two sides of the chamber, there were two partition bars of 50 µm 

height, to avoid electrolysis bubbles’ formation due to the strong electric field generated 

by the two stainless steel wire electrodes in the lateral channels, whose dimensions were 

100 µm height and 1.5 mm width. There were two inlet and five outlet ports, whose 

diameter was 3.2 mm, 500 µm height, on the back of the device, for sample insertion and 

collection. The device was tested to evaluate the separation potential; so, they concluded 

that their device was fabricated with a low-cost technology maintaining a 5% dimensional 

accuracy compared to the CAD dimensions, and it also presented good performances in 

the accumulation of different species in the tested volume, opening the possibility of 

micro- and nano-population concentration tuning to a specific buffer through the 

application of this technique [50]. 

 

Figure 11. (a,b) 3D-printed device for micro-FFE application, with stainless steel wire electrode. 

Reprinted from [50]. 

Another example of a microfluidic device being 3D printed is the work of Donvito et 

al. [12]; they fabricated a droplet generator using MJM 3D-printing technology. This 

device, which allows the generation of droplets starting from a continuous phase that 

flows in the central channel and a second disperse phase injected through lateral one, has 

six T-junctions organised into a rectangular shape, with the following dimensions: the 

continuous-phase channel width was 400 µm, the disperse-phase channel width was 200 



Micromachines 2024, 15, 678 26 of 46 
 

 

µm, and both channels’ height was 200 µm. To fabricate this structure, they used the 

ProJet®HD3500 from 3D Systems (Rock Hill, SC, USA), which presents a high resolution 

of 656 × 656 × 1600 DPI (XYZ) and a layer thickness of 16 µm, while they selected 

acrylonitrile as the printing material and wax as the sacrificial material. The liquid 

continuous phase was represented by oleic sunflower seed oil, and the dispersed phase 

was deionised water coloured with a blue food dye. They tested the ability of this device 

to generate droplets, and they found the following: it was possible to solve problems 

linked to misalignment, typical of traditional lithographic techniques, thanks to 3D 

printing; it was possible to fabricate the complete device in one step and at a lower cost; 

the final device ensured stable emulsion with small-diameter drops; and the 

polydispersity index was low, less than 6.3%, which was comparable to the standard 

fabricated devices, when assessing the equivalency of the selected technology with the 

commonly applied one [12]. 

3.3.2. Inkjet Printing 

As previously mentioned, pyro-EHD printing technology is rapidly spreading as 

innovative solution for IJP, for its simplicity, flexibility, high resolution, versatility, both 

in the printing materials and in substrates, and its free-from and nozzle-free 

characteristics. 

A first application of pyro-EHD to device fabrication is represented by the work of 

Coppola et al. [24]; they fabricated polymeric microlenses inside a pre-existing microfluidic 

device in PMMA and on top of fibre terminations. Their pyro-EHD system is the same as 

reported above in Figure 1, with a microscope glass slide as the liquid reservoir base, in 

direct contact with a z-cut and 500 µm-thick LN crystal; a cover slide treated with 

hydrophobic tetra-ethylorthosilicate/1H,1H,2H,2H-perfluorodecyl-triethoxysilane 

(TEOS/PFTEOS) as the receiving substrate; a moving stage with a high-precision linear 

motor with a maximum travel speed of 30 mm*s−1; and a monitoring system with a high-

resolution (2048 × 2048 pixels) camera and a 470 nm LED 650 mW power light source. The 

material used for the microlenses printing process was PDMS, firstly printed on a cover slip, 

then into the channel of the PMMA microfluidic device, obtaining arrays of separate 

droplets controlled in the diameter dimension, from 50 µm to 700 µm. Moreover, they 

printed a biopolymer on top of the fibres, creating a pattern for controlling cell adhesion and 

spread among them, and, concurrently, they used the same biopolymer to print a micro-

axicon lens inside a lab-on-a-chip, to obtain a final device that can change the incident beam 

shape. They tested their devices using an interferometric Mach–Zehnder interferometer in 

the transmission configuration to perform a digital holography of the microlenses. They 

concluded that this technique allowed them to work in a stable droplet generation condition, 

helping the fabrication of freeform 3D structures and overcoming the limitations linked to 

the printing material, the substrates, the resolution desired, the nozzle dimension rescaling, 

and their clogging phenomenon [24]. 

A second example of a pyro-EHD application for microlenses fabrication is the work 

of Mandracchia et al. [51], which fabricated a pocket module for holographic microscopy 

using a lab-on-a-chip. They tried to move the complex apparatus required for holography, 

like interferometers and so on, directly into the chip, inserting optical features such as a 

grating and microlenses for extracting the reference wavefront and the hologram fringes. 

The chosen microfluidic device was a commercial one, while for the grating fabrication, 

they relied on the interference lithography of a positive photoresist, the Microresist ma-P 

1210, and for the microlenses, they used the described pyro-EHD apparatus, obtaining the 

polymeric lenses inside the channel. They tested the performance of the as-fabricated 

device, using a single collimated beam to irradiate the channels and collecting the 

outgoing beam, the object wavefront, that interacted with static samples or flows inside 

the channel, and the reference, that was diffracted by and interacted with the previous 

one. They coupled the physical device with a linear sensor array to enlarge the field of 
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view and used a space–time digital holography technique as an elaboration protocol for 

the images, increasing the throughput of the microscopy technique [51]. 

3.4. Powder Bed Fusion 

3.4.1. Micro Metal Laser Sintering 

MLS is one of the more widely used AM technologies for metals, because it enables one 

to produce large amounts of parts in a one-step process that requires few post-processing 

treatments, and it is one of the few technologies that allow the stacking of printing elements. 

This is the reason why the group of Galati et al. [52] proposed the use of direct MLS 

for the redesign and fabrication of a flying measure probe for MEMS testing. The aim of 

their work was to re-think the support and moving system for the flying probe, to improve 

the accuracy of measurements and to reduce the weight and the number of the printed 

parts maintaining the stiffness, and to fabricate it through a high-resolution and 

dimensional-accuracy technology. The total structure dimensions were 220 mm × 690 mm 

× 101 mm, and it was composed of the probe; a support bracket, which contained the 

vision system and the lighting system for the images acquisition; the probe moving 

system; and the data collection systems. The probe could move along the X and Y axes 

thanks to a motor, and it could also move along the Z axis. The whole system was 

composed of 16 different elements that had to be assembled, so they tried to reduce the 

number of elements to 3, which were printed and then assembled. The need for elements 

reduction is linked to the geometric errors that appeared, accumulated, and propagated, 

due to the machining of the metal with a three-axis milling machine. Their probe redesign 

focused on the X- and Y-rails, that allowed movement along the two axes, and the bracket. 

The adopted solution was to replace the vertical walls with thin honeycomb-structure 

walls to reduce weight, to efficiently redistribute stress, and to obtain a self-supporting 

structure. The structures were printed using, as printer, an EOS M400 machine, from EOS 

(Kraillig, Germany), and gas-atomised AlSi10Mg powder as a printing material. The 

printed parts were detached from the building platform through EDM, so they did not 

require any finishing approach for the surfaces. The total weight of the final part was 

reduced by 32%; the parts were also 50% stiffer compared to the original ones, saving a 

significant amount of material at the same time, with a positive impact on the environment 

[52]. 

Another interesting application of MLS is presented in the work of Viola et al. [53]; 

they fabricated an absorption detection module (ADM) for Tuning Fork-Enhanced Photo–

Acoustic Spectroscopy (TFEPAS) through µMLS. TFEPAS is an analytical technique that 

involves a non-piezoelectric tuning fork and an interferometric optical readout to measure 

the photoacoustic excitation of the tuning fork. They printed an assembly, whose two 

parts are represented in Figure 12, in stainless steel that comprised the ADM, the fork, and 

the acoustic micro-resonator, to obtain a final TFEPAS that was customisable without the 

need for manual alignment of the various elements, and was miniaturised and thermal 

resistant, thanks to the absence of welds and the elimination of thermal mismatches 

between materials. The assembly was printed in two different parts to assemble, allowing 

a visual inspection of the fork before they were closed together. The designed fork 

required a small size and high spatial resolution, and they fabricated it, thanks to a Swiss 

company, Precipart (Lyss, Swi�erland), with the following dimensions: 4 mm tines 

length, 0.75 mm tines width, 0.4 mm tines thickness, and 0.5 mm tines distance. The micro-

resonator, with an internal diameter of 0.9 mm, was positioned 0.1 mm behind the fork, 

to obtain a photoacoustic coupling, avoiding high damping phenomena. All the surfaces 

had to be polished to maximise reflection, so they polished them mechanically. Then, they 

inserted the monolithic body into the readout setup, which included a HeNe laser, a 

photodiode, a cube beam spli�er, supports and micro-manipulators for precision 

positioning, and a quantum cascade laser for stimulating the fork’s vibrations. Last, they 

evaluated the performance of the device as a gas analyser, using ammonia, and the results 
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showed that the limit of detection was under 1 ppm, with a good identification potential 

through the accurate measurement of the infrared fingerprint. So, they demonstrated that 

this solution could ensure a good alignment between the tuning fork and the acoustic 

micro-resonators that were printed monolithically, the miniaturisation of the internal 

volume, and the possibility of working at high temperatures, maintaining low costs and 

the customisation of the tuning fork [53]. 

 

Figure 12. The two monolithic stainless steel parts of the TFEPAS ADM, with the two small 

apertures evidenced with red arrows: one opening was for the optical fibre insertion, the other was 

for the gas sample to analyse. Reprinted from [53]. 

3.4.2. Selective Laser Melting 

SLM technology has been pushed in recent years, due to the increasing demand for 

smaller and smaller mechanical components for MEMS and NEMS devices. 

An example of a MEMS accelerometer being SLM printed is reported in the thesis of 

Corigliano [54], which proposed a biaxial accelerometer and a capacitive one using the 

titanium alloy Ti-6Al-4V and the Renishaw AM250 printer (Wo�on-under-Edge, 

England), whose printing chamber was at 150 °C in a 21 mBar argon atmosphere. For the 

biaxial accelerometer, the design included four simple folded beam springs, one for each 

side, to detect acceleration along X and Y axes, with two different resonant mode 

frequencies, 420 Hz and 400 Hz. The accelerometer’s total area was 20 mm × 20 mm, with 

an inner spring thickness of 0.5 mm and outer spring thickness of 1 mm, due to the 

printer’s minimal feature-size limitations. For the capacitive accelerometer, the design 

included a suspended mass linked to four springs, with a voltage applied between it and 

conductive plates to read the capacitance variation due to the mass displacement. This 

design presented some constraints to consider, such as the need for an electrically 

insulating layer between the conductive ones; so, they had to print the sensor as two 

elements that were then assembled, interposing a PVC tape. The capacitive accelerometer 

had a volume of 15 mm × 15 mm × 15 mm, with a minimum feature thickness of 0.5 mm 

for the springs. The parts were printed, inserting supports under them to anchor them on 

the printing plate, and the supports were removed manually. A characterisation of the 

printed parts highlighted that the printed parts had a thickness reduction of 0.15 mm 

compared to the CAD dimensions; they suffered from thermal deformation, which could 

be reduced with heat treatment and a redesign that involved a more symmetrical 

architecture; their devices also showed low sensitivity and a certain level of surface 

roughness [54]. 

Therefore, the SLM’s printed parts quality, i.e., their surface roughness and porosity, 

is heavily affected by some phenomena, like the stair step effect, linked to the 

approximation of curves to a straight line during layer-by-layer deposition, and the 

balling effect, small spherical agglomerates of melted powder that cause the formation of 

discontinuous lines. To find a solution to these defects that lower the quality of printed 

mechanical parts, the group of Hassanin et al. [55] studied the effect of micro-EDM on the 

surface roughness and porosity of micro-gears fabricated through SLM technology. First, 

they printed the parts using a titanium alloy (Ti-6Al-4V) as a printing material and the 



Micromachines 2024, 15, 678 29 of 46 
 

 

Concept Laser M2 powder bed system as a printer, in an inert atmosphere thanks to an 

argon flux inside the chamber. The printed parameters were optimised, evaluating the 

porosity level of the printed parts, and the final parameters combination that ensured a 

lower porosity level was 200 W for the laser power, 1000 mm*s−1 for the scan speed, and 

0.67 for the hatch spacing, to ensure an energy density of 100 J*mm−3 and a porosity of 

0.25%. Concerning the surface roughness, the initial registered value was 14.7 mm, so they 

performed an optimisation process for micro-EDM parameters, to find the ideal 

parameters for lowering it. Thanks to this technology, they obtained a final roughness of 

4.6 mm and a finishing regime between 0.6 mm and 0.8 mm, improving the surface quality 

due to the reduction of surface discharge energy, taking from mechanical micro-

components with be�er quality and mechanical performances [55]. 

4. Materials for AM Fabrication of MEMS 

MEMS technologies originally developed from the semiconductor industry; thus, 

silicon is the primary material used in the manufacturing MEMS devices [56]. Silicon has 

been the gold standard as a MEMS material, due to its mechanical, thermal, and electrical 

properties. Indeed, silicon has almost the same Young’s modulus as steel, but is as light 

as aluminium, and in addition, it has a similar thermal conductivity to metals but a lower 

coefficient [57]. 

On the other hand, silicon presents some drawbacks: Si-based MEMS devices cannot 

operate at a temperature above about 200 °C due to the degradation of pn-junctions, and 

the elastic modulus drastically drops above 600 °C [58]. These characteristics are 

limitations for high-temperature applications. In addition, silicon is intrinsically bri�le, so 

not ideal for applications where flexibility is required, e.g., smart skin for tactile uses and 

flow sensing [59,60]. 

Therefore, new materials such as compound semiconductors, ceramics, and polymers 

have been evermore incorporated in MEMS production processes, to enhance their 

functionality, performance, or fabrication simplicity [57]. Generally, MEMS devices have 

been fabricated using renowned micromachining techniques, such as photolithography, 

oxidation, sputtering, thin-film deposition, etc. [61]. This aspect has been already reviewed 

in the literature, and it is outside the scope of this manuscript [3,62]. Herein, the discussion 

will be limited to the materials used to produce MEMS through AM techniques. 

4.1. Polymers 

Polymers have been used to replace silicon in MEMS fabrication since they possess 

some features almost complementary to silicon, such as flexibility, easy processing, 

insulation, chemical and biological functionalities, biocompatibility, and a low cost [63]. 

These properties have enabled researchers to broaden the fields of application, out of 

more well-established fields such as sensors, actuators, or microsystems applied in the 

aerospace, automotive, or military fields [63,64]. Indeed, polymer micromachining 

technologies are employed in the biomedical field, as a micro-total analysis system, labs-

on-a-chip [65], in drug synthesis [66], drug delivery [67] and so on; these technologies are 

also known as Bio-MEMS. 

In the literature, many polymers are reported for MEMS/Bio-MEMS, e.g., SU-8, 

which is a commonly used epoxy-based negative photoresist, polydimethylsiloxane 

(PDMS), and polymethyl methacrylate (PMMA). 

SU-8 is widely used in MEMS/Bio-MEMS production, basically with traditional 

fabrication methods, due to its ability to form high-aspect ratio structures. Among its most 

prominent features are biocompatibility, mechanical stability, transparency to UV light 

and chemical resistance to most solvents, once crosslinked [68,69]. 

Despite the advantages of SU-8, several disadvantages are reported, such as 

delamination of the microstructure and film [70], self-fluorescence, which leads to 

background noise in the case of optical measurements, and the surface hydrophobicity 
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which makes it necessary to modify the surface chemistry to make SU-8 compatible for 

bio-applications like microchannels or cell sorters [68]. 

SU-8 can be used as the main material for the fabrication of MEMS devices; for 

example, Bernasconi et al. [71] designed a fully inkjet-printed electrochemical impedance 

spectroscopy (EIS) probe in order to detect the presence of cancerous cells, evaluating the 

variations in the state of the cells in term of the presence of metabolic toxicity or perfusion 

loss. In this work, SU-8 is inkjet-printed to realise the main body of the probe and to 

pa�ern pads and tracks, realised with platinum (Pt), which is pa�erned inside an SU-8 

printed mask employing electrodeposition. The device was tested to evaluate the 

bioimpedance of different animal tissues, demonstrating the actual functionality of the 

device. 

PMMA is a transparent low-cost polymer with a very low auto-fluorescence over a 

wide spectral range. Due to these features, PMMA has been commonly used for various 

biochemical separations, such as in electrophoresis and DNA sequencing. In contrast to 

silicon or glass, which require a high temperature for bonding, PMMA can be bonded at 

a lower temperature; this makes the fabrication of PMMA-based MEMS devices low-

thermal budget and less expensive [65,68]. Despite PMMA showing some features which 

make it suitable, especially for biomedical applications, to date in the Italian scenario—

unlike other foreign research groups, where PMMA is used as the main material for the 

fabrication of MEMS devices [72]—PMMA is still mainly used as a mould for the 

fabrication of microdevices such as microfluidic devices [73] or other applications such as 

micromixers, which are essential components in microfluidic devices, since they have a 

direct impact on the efficiency and sensitivity of assays [74]. 

PDMS is an elastomeric polymer which has specific properties for biomedical ap-

plications, including resistance to biodegradation, biocompatibility, chemical stability, 

and gas permeability. Moreover, it is generally inert, non-toxic, and non-flammable [75]. 

All these features have made PDMS one of the most widely used materials in the 

manufacturing of microfluidic devices for the development of systems relating to areas 

such as drug delivery, DNA sequencing, clinical diagnostics, etc. In addition, PDMS has 

been commonly used in the fabrication of biomodels [76]. 

Moreover, its surface properties can be changed in order to obtain tailored properties. 

In the literature, many works use PDMS, particularly for the fabrication of microfluidic 

devices exploiting traditional fabrication methods like bulk/surface micromachining, 

wafer bonding, lithography, and other micro-processing techniques [34]. 

Although these techniques are well-proven, the recent trend is the one-step direct 3D 

printing of micro-devices. Nevertheless, some 3D-printing processes, such as inkjet 3D 

printers, require materials which are either cytotoxic or non-transparent and which are 

not consistent with the characteristics of microfluidic devices. Therefore, PDMS is the gold 

standard for this application, but unfortunately, it is still not compatible with many 3D-

printing techniques. 

So Cairone et al. [77] present a PDMS micro-optofluidic device, realised by the 

master–slave 3D printing approach, which aims to overcome this limitation and to extend 

the use of 3D printing in the realisation of micro-optical components. The proposed device 

was designed to be a compact device that integrates micro-optic and micro-fluidic 

components, and it was used both for chemical fluids and cells detection, by exploiting 

the different light transmission correlated to fluid interfering with the laser beam in a 

microchannel section. 

Other PDMS-like materials have been 3D printed, with chemical functionalities 

suitable for other AM technologies. As mentioned before, Gonzalez et al. [39] developed 

fully 3D-printed microfluidic devices based on a 3D-printable PDMS-based acrylate 

(TEGORad), achieving channels of 300 µm. Starting from this study, Villata et al. [78] 

developed a device for cell culture and drug testing (Figure 13). TEGORad is an acrylate 

PDMS copolymer which can be 3D printed through DLP. This material showed easy and 

fast printing, allowing the production of complex microfluidic devices, keeping the 
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prominent features of PDMS, such as transparency, flexibility, and chemical properties. 

In addition, the in vitro study shows that TEGORad can sustain cell growth without 

causing any genotoxic effect. 

 

Figure 13. Picture of PDMS and 3D-printed acrylate PDMS 0.01–0.05–0.075% dye microfluidics 

devices. Reprint from [78]. 

Another important polymer that can replace PDMS for the fabrication of microdevices 

is Polylactic Acid (PLA). PLA is a biocompatible and bioabsorbable thermoplastic material 

derived from renewable plant resources [79]. It can degrade after use in CO2 and water, so 

it can be adopted for a sustainability approach. In shows excellent mechanical and 

piezoelectric properties in the form of cellular foams, and it can be easily 3D printed by FFF 

printing. Ongaro et al. [79] proved the suitability of PLA as a substitute for PDMS, especially 

for microfluidic cell cultures and organ-on-chip applications. PLA has been demonstrated 

to be transparent, suitable for stable functionalisation, biocompatible, and without 

absorpting small molecules. Perna et al. [80], instead, investigated the piezoelectric 

performance of the material. This study shows the potentiality of designing a biocompatible 

and sustainable piezoelectric device for energy-harvesting and biosensing applications. 

Tiboni et al. [66], for example, developed a 3D-printed microfluidic chip through FFF 

to formulate ethanolic liposomes loaded with 18-α-Glycyrrhetinic acid (GA), which is a 

bioactive compound that exhibits many biological and pharmacological effects. Indeed, 

since a microfluidic chip offers a great control of micromixing under a laminar flow, it 

presents an interesting alternative for the preparation of lipid-based nanovesicles. 

In this work, they were able to create an inexpensive and easily scalable microfluidic 

device that can produce liposomal dispersion, with good physicochemical characteristics 

and an EE% of GA up to 63%. 

One of the most important characteristics of polymeric materials is the ability to 

easily functionalise the backbone chain or combine, to modify and tailor materials 

properties to provide new functionalities. 

For example, Roppolo et al. [81] developed a new functional 3D-printable material 

suitable for DLP printers, exploiting photocurable monomers and a photoactive dye (a 

molecule with azobenzene moieties) that give a light-triggerable and reversible 

mechanical response, since the incorporation of azobenzene units into polymeric matrices 

enables a reversible and controllable change in the Young’s modulus of a 3D printed 

microstructure upon laser irradiation. They printed micro-cantilevers in single 3D-

printing step, which could have many interesting applications in the MEMS field. 

In another work, Gillono et al. [82] exploited the photoactivity of azobenzene 

chromophores to develop a material presenting light-triggered CO2 permeability. First, they 

tested the light-induced changes in CO2 upon green light irradiation of a resin with poly 
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(ethylene glycol) diacrylate (PEGDA), with different azobenzene chromophores. Finally, as 

a proof of concept, 3D structures presenting light-triggered CO2 permeability have been 

built. 

Chiappone et al. [83] studied the application of the DLP technique to the 3D printing 

of triboelectric nanogenerators (TENGs). First, they tested different photocurable resins 

for DLP printing as triboelectric layers in a contact–separation triboelectric nanogenerator 

configuration, using TEGORAD, as the most tribonegative material, and EB4740, a 

polyurethane acrylate, as the most tribopositive one. Once the best-performing couple of 

materials had been found, they fabricated 3D-printed TENGs devices using a multi-

material printing procedure with increasing geometrical complexity (Figure 14). The 

TENGs devices show the ability to recover energy from different kinds of mechanical 

movement. 

  

Figure 14. Image of 3D-printed rotor and stator components of rotating TENG and rotor blades 

showing PEGDA/TEGORAD layers. Reprinted from [83]. 

Scordo et al. [84] developed a resin that was 3D printable by means of SL, based on 

poly (ethylene glycol) diacrylate (PEGDA) and PEDOT: PSS, in order to obtain conductive 

3D objects (Figure 15) which can interact with chemical vapours over an extended period, 

by ensuring a reliable alteration in their structural and conductive characteristics. 

 

Figure 15. Image of 3D-printed double-helical sample from PEGDA:PEDOT resin. Reprinted from [84]. 

4.2. Ceramics 

For high-temperature application, Si-based materials, as well as polymers and 

metals, are limited by their characteristics, since they cannot withstand temperatures 

greater than a few hundred degrees Celsius (the softening temperature of Si is 600 °C) 

[85]. In addition, silicon is not a structural material, since it has a fracture toughness of 

almost 0.7 MPa*m1/2 and a high degree of reactivity to oxygen and water. Thus, for these 

reasons, many features of ceramics, such as low density, high-temperature mechanical 

properties, chemical inertness, and resistance to corrosion at high temperatures, make it 

suitable for several MEMS applications, such as chemical engineering, microsensors, 

biomedical, nano turbines, etc, especially in harsh environments [86]. To take advantage 

of the well-known characteristics of silicon, it is first worth considering Si-based ceramics. 

In particular, silicon carbide (SiC) is considered to be a semiconductor with excellent 

physical and chemical characteristics with respect to Si, including a wide bandgap, 

mechanical strength, high thermal conductivity, high melting point, and inertness to 
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exposure in corrosive environments [87]. In addition, SiC has a Young’s modulus (700 

GPa) higher than Si (190 GPa) [58]. 

SiC materials have a variety of different crystal structures, but although more than 

250 polytypes have been found to date, only three crystalline structures exist: cubic, 

hexagonal, and rhombohedral. The atomic composition is the same in all SiC polytypes; 

nevertheless, they differ, especially in terms of electrical properties such as band gap or 

electron mobility [88]. This material has played a key role in the advancement of modern 

semiconductor technology, specifically for lightweight/high-strength structures, nano-

biomedical devices, optical elements, and high-temperature semiconducting devices [89]. 

SiC is fabricated by the solid-state reaction between petroleum coke and SiO2 at 2000 

°C; however, this traditional fabrication method is high in energy consumption; thus, it was 

necessary to introduce a low-energy fabrication method. So, from the early 1970s, 

organosilicon polymers have been used to fabricate silicon-based ceramics [90]. 

Organosilicon polymer, also known as silicon-based polymer-derived ceramics (PDCs) are 

prepared by the controlled pyrolysis at relatively low temperatures of preceramic 

inorganic–organic hybrid polymers containing Si, H, C, O, N, and also other elements such 

as B, which are grafted to the silicon atoms for the formation of different organo-silicon 

polymers such as polysilane, polycarbosilane, polysilazane, and polysiloxane [90,91]. This 

process leads to the creation of a nanostructured ceramic that can be controlled through 

polymer chemistry, polymer structure, and the ceramitisation process [92]. 

The design of the molecular precursor plays a significant role in determining the 

macroscopic chemical and physical properties of PDCs [93]. 

For this reason, these materials have excellent thermal stability, oxidation/corrosion 

resistance, and creep resistance, which make them suitable for high-temperature sensors 

[94], MEMS devices, conductivity coating [95], biomedical application [96], and so on. 

Silicon carbonitride (SiCN) and silicon oxycarbide (SiOC) are two of the most well-

known systems of PDCs, since they have shown great potential in many different 

applications. AM processes are the best choice to fabricate complex structured materials 

with a high printing resolution starting from a CAD. Concerning ceramic materials, many 

AM processes have been exploited to fabricate 3D microstructures. However, the only 

viable way to get a combination of the resolution and surface smoothness of a 3D micro-

component, typical of polymer-based techniques, with the chemical, mechanical, and 

thermal properties of ceramic materials, is by fabricating 3D ceramic microparts using an 

STL of PDCs [97]. 

For example, Zanche�a et al. [97] fabricated a 3D-direct ceramic component from 

preceramic poly-siloxanes with a high ceramic yield, using a lithography-based ceramic 

manufacturing (LCM) process (Figure 16). Through the LCM technique, they obtained 

dense and crack-free 3D SiOC micro-components through the pyrolysis of the crosslinked 

green body at 1000 °C, using a chemically modified, commercially available, preceramic 

photosensitive methyl-silsequioxane polymer. 
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Figure 16. Additive manufacturing of the preceramic photopolymer: From the printing process to 

the pyrolysis process of the preceramic 3D component: (a) the moving stage is lowered to a gap 

height corresponding to the height of the layer to be cured and (b) moves upward to release the 

component from the vat, before lowering again to continue the layer-by-layer fabrication. (c) When 

the 3D component is completed, it is removed from the moving stage. (d) The SiOC ceramic 

microcomponent (black in figure) is obtained after pyrolysis at 1000 °C of the preceramic 3D 

component (gray in figure). Reprinted from Advanced Materials, vol. 28, no. 2, E. Zanche�a, M. 

Cataldo, G. Franchin, M. Schwentenwein, J. Homa, G. Brusatin, and P. Colombo, “Stereolithography 

of SiOC Ceramic Microcomponents,” Jan. 2016, With permission from John Wiley and Sons [97]. 

In another work, Zocca et al. [98] fabricated a ceramic device owning an order of 

porosity by the powder-based 3D printing of a preceramic polymer, introducing the 

crosslinking catalyst either by mixing it with the preceramic polymer or with the printing 

liquid solvent. Finally, a micro-CT analysis of the printed components showed the 

printability and the precision of the printing procedure with respect to the starting CAD 

model. 

4.3. Metals 

Metals are another relevant category of materials for MEMS fabrication. Thin metal 

films are a part of microelectronics technology; they are used to form conductors, contacts, 

and reflecting coatings; in addition, they are often used as a structural layer or as sacrificial 

or protective layers [99,100]. For example, for electrochemical sensor applications, metals 

are still the main material class, especially for their excellent electrical conductivity, 

mechanical stability, and versatile chemical functionality [100]. Another important 

application is for radio frequency (RF) MEMS. Indeed, silicon or highly doped silicon 

resistivity is too high for most radio frequency (RF) MEMS with respect to metals and, in 

addition, metal micromachining does not require as high a processing temperature as 

does silicon technology. Thus, metals are suitable materials for these applications [101]. 

It is important to consider two fundamental criteria to choose the correct material for 

these applications: low contact resistance and high reliability [102]. 

The most common material used as an electrode in electrochemical sensors is gold 

(Au). Indeed, Au is easily deformed, has a high melting point, is efficient in propagating 

RF signals, is corrosion resistant, has low resistivity, and is easily deposited [103]. 

Another important metal is aluminium (Al), due to its high conductivity, chemical 

stability, linear response, and easy deposition [104,105]. 

Platinum (Pt), as well as Al and Au, has been used in the MEMS field, since it has a 

high chemical resistance, high melting point, and high Young’s modulus. The elevated 

melting point, in particular, enables the construction of structures that exhibit excellent 

resistance to plastic deformation at high temperature, preserving the conductive 
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properties typical of metals [106]. In addition, Pt receives significant a�ention for many 

MEMS devices which work at high-temperature conditions [107]. 

Silver (Ag) and its alloys are largely used for the fabrication of MEMS, especially for 

macro-switch electric contact materials, due to their electrical, mechanical, and 

thermodynamic properties [102]. In addition, Ag, with Au, are the two metals with the 

lowest absorption in the near-infrared and visible region [108]. 

The microfabrication of electronic and mechanical structures at the submillimetre 

scale, including thin-film deposition, photolithographic pa�erning, and etching, is a time-

consuming and expensive process [100,109]. For this reason, an alternative approach was 

needed to overcome the drawbacks introduced by traditional fabrication processes. 

Recently, there has been increasing a�ention towards the fabrication of sensors through 

printing, owing to its simple implementation and adaptability for large-scale 

manufacturing [100]. Among the several 3D-printing processes, inkjet printing is one of 

the leading techniques in AM. Unlike microfabrication processes, the digital nature of 

inkjet increases the personalisation of products and increases the cost efficiency, since it is 

a scalable process and because it reduces the generation of environmentally sensitive 

waste [110]. 

Metals like Au, Pt, Ag, and Al have been rendered into inks suitable for inkjet 

printing, which are based on metal nanoparticles. Nanoparticle inks are colloidal liquids, 

namely, of metal nanoparticles, which can be synthesised by physical or chemical 

methods and which are suspended either in water or organic solvents [100]. 

The most common metal nanoparticle inks are made up of Ag, since it has excellent 

electrical conductivity and resistance to oxidation. For example, Mario�i et al. [111] 

fabricated the first ever fully inkjet-printed vertically integrated metal–insulator–metal 

(MIM) capacitors on silicon. They used a Cabot CCI-300 silver nanoparticle ink in order 

to print a thin-film dielectric layer, and they also printed an SU-8 passivation layer to 

improve the adhesion of the dielectric layer, since silicon has a surface energy which yields 

poor we�ing. They demonstrated that the final device had a self-resonant frequency (SRF) 

above 1 GHz and a quality factor (Q) up to 25, which is more than 300% higher than 

previously reported inkjet-printed MIM capacitors. 

Despite all their key features, metals present several drawbacks. For example, Au is 

a soft metal and has a low melting point, and it adsorbs carbonaceous layers, which make 

it prone to erosion and wear [102]. Silver and its alloys, for example, stretch to form a 

nonconductive sulphide layer on the surface which could interfere with good electrical 

contact and therefore is a problem in MEMS switches [112]. Thus, to overcome these 

limitations, it is possible to combine several elements to form alloys to obtain the desired 

characteristics such as low resistivity, high thermal conductivity, no insulating oxides or 

sulphides, a nominal hardness and elastic modulus, high melting point, and so on [102]. 

For example, titanium alloys are growingly being considered in mechanical system 

design, especially in several industries such as the automotive, aerospace, and medical. 

One of the most commonly used alloys is Ti-6Al-4V, since it has a low density, strong 

mechanical properties, magnetic resistance as well as elevated temperature performance, 

a high resistance to corrosion, and high biocompatibility; all these features make it suitable 

for biomedical or harsh environment applications [113,114]. 

It is worth saying that the addition of other elements, such as chrome (Cr) or niobium 

(Nb), in the Ti-6Al-4V alloy enhance the oxidation resistance, respectively at low and 

elevated temperatures [115]. AM is a promising approach to produce small-sized, 

complex three-dimensional structures in titanium for MEMS. For example, Zega et al. 

[116] produced the first uniaxial Ti-6Al-4V alloy accelerometer, fabricated through the 

laser powder bed fusion (L-PBF) technique, since it allows one to achieve good mechanical 

properties and a good resolution. The device shows a good performance in terms of 

sensitivity, so it can overcome the main limitation of polymer-based 3D-printed sensors, 

since Ti-6Al-4V shows a much be�er thermal behaviour, which makes it a promising 

solution for harsh environment applications. 
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Another common material is AlSi10Mg, which is a typical casting alloy owing to its 

high strength/density ratio and thermal properties. In addition, alloying magnesium to a 

Al-Si alloy allows the precipitation of Mg2Si, which enhances the strength of the matrix 

without compromising the other mechanical properties [117]. For example, Chiavazzo et 

al. [118] proposed a novel sensor for measuring convective heat transfer on small micro-

structured surfaces (Figure 17) made by AM processes, such as direct metal laser sintering 

(DLMS). This device, due to its features, could be used for the development of a release 

for industrial applications, elevated temperature measurements, and MEMS. 

 

Figure 17. Micro-structured surfaces: (a) classical pin fins, (b) Venturi-like pin fins. Reprinted from 

Experimental Thermal and Fluid Science, vol. 55, E. Chiavazzo, L. Ventola, F. Calignano, D. 

Manfredi, and P. Asinari, “A sensor for direct measurement of small convective heat fluxes: 

Validation and application to micro-structured surfaces,” May 2014, with permission from Elsevier 

[118]. 

4.4. Carbon NanoTubes (CNTs) 

The integration of CNTs into microdevices, in particular for MEMS, offers many 

exciting opportunities in a wide range of applications as pressure sensors, sensitive 

accelerometers, or neuronal electrodes, due to their nanometre size, hollow structure, high 

accessible surface area, low resistance, and high structural stability [119,120]. CNTs also 

have excellent electrical properties, since they show a high electrons conductivity (up to 

109 A/cm2) [121] and mechanical properties; indeed, CNTs are amongst the strongest-

known fibres, with a Young’s modulus from 270 to 1000 GPa [121,122]. 

CNTs can be classified basing on their morphology; there exist single-walled CNTs 

(SWCNTs), double-walled (DWCNTs), and multi-walled (MWCNTs). CNT morphology 

could influence the electromechanical behaviour of devices, since they present different 

aspect ratios that directly change electrically conductive networks, which can result in 

variations in the conductive mechanism [123]. Both SWCNTs and MWCNTs are commonly 

used for MEMS applications, especially for sensors, actuators, or energy storage devices 

[122]. CNT integration in MEMS usually entails either bottom-up (in situ growth) or top-

down (post-growth) methods. The bottom-up approach involves placing catalytic particles 

directly onto a substrate to control the positioning of CNTs, while the top-down method 

concentrates on directing the growth of CNTs to achieve their desired position [124]. 

The most common manufacturing methods for CNTs are laser transfer, screen 

printing, and plasma-enhanced chemical vapour deposition. Nevertheless, these 

manufacturing techniques come with certain challenges, including expense, extended 

processing du-ration, the requirement for static masks to define specific locations for the 

nanostructured emi�ing material, and so on [125]. Thus, 3D-printing methods stand for 

an alternative method that lend themselves to overcoming these limitations, since they are 

maskless and allow one to implement hierarchical structures, with features spanning 

orders of magnitude in size. Indeed, there are many works which are based on printing 

CNTs and other carbon-based materials to create freeform objects with a high electrical 

conductivity [125]. 
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An interesting field of research which exploits the key features of CNTs is the 

development of 3D-printable electrically conductive photopolymers, a polymer 

nanocomposite filled with CNTs. This nanocomposite material combines the good 

processability of the polymer part and the high thermal, mechanical and electrical 

properties of CNTs. Moreover, the addition of CNTs to polymers confers other Joule’s 

heating capabilities [123]. 

For example, Cortés et al. [123] developed an electromechanical sensing device, based 

on resins doped with carbon nanotubes, exploiting DLP 3D-printing technology (Figure 

18). They used different types of CNT (SWCNTs, DWCNTs, and MWCNTs) to evaluate 

the effect of their morphology on electrical and electromechanical performance. They 

studied the effect of the dispersion state of the nanoparticles of three different CNT types 

with different contents into the matrix, to evaluate their influence on strain sensitivity 

through electromechanical analysis, and for the crosslinking degree—thus, evaluating the 

Tg value. First, the dispersion homogeneity is generally be�er for the MWCNTs, followed 

by the DWCNTs and SWCNTs, and the degree of the dispersion is enhanced when 

increasing the CNT content. The dispersion degree, and so the area occupied by CNTs, 

has a prevalent effect on the curing degree of the material. Indeed, since CNTs are black 

coloured, they absorb part of the UV radiation from the light source, so they hinder photo-

initiator UV absorption, leading to a lower curing degree. Thus, the samples with a higher 

dispersion degree, which also have a higher percentage of area occupied by CNTs, present 

lower Tg values and therefore a lower crosslinking degree. These results confirm that 

SWCNT- and DWCNT-doped nanocomposites show a higher electromechanical 

performance and a higher crosslinking degree than nanocomposites doped with 

MWCNTs. 

 

Figure 18. Manufacturing processes of nanocomposite specimens. (a) Calendaring dispersion 

processes, (b) DLP 3D-printing process, and (c) electrode placement on 3D-printed specimens. 

Reprinted from [123]. 

Another important work came from Iervolino et al. [126], which developed two 

photo-curable resins containing MWCNTs toward 3D printing electrically conductive 

structures using near-visible light (405 nm) stereolithography processes (Figure 19). These 

two resins belong to two different classes of photopolymers: a free radical system and a 

hybrid system consisting of a cationic/free radical blend. They first evaluated the 

rheological properties of the resins by finding that the best is the free radical one, with a 

concentration of MWCNTs of 0.25%wt. being considered the maximum value to obtain 

printable inks. In addition, the introduction of MWCNTs results in an average 

conductivity of 4.2 × 10−3 S/cm. This shows the immense potential of this conductive 

nanocomposite material. 
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Figure 19. Images of SL 3D-printed (a) chess pieces and (b) tweezers with different dimensions. 

Reprinted from Advanced Engineering Materials, vol. 24, no. 12, F. Iervolino, A. Bonessa, G. Foti, 

M. Levi, and R. Suriano, “Additive Manufacturing of Electrically Conductive Nanocomposites Filled 

with Carbon Nanotubes,” Dec. 2022, with permission of John Wiley and Sons [126]. 

4.5. Composite 

Despite many materials exhibiting characteristics that can be exploited for various 

applications, such as conductive polymers that, due to their properties, can be used for 

electrochemical applications, they are not so close to the ideal performances required, for 

example, for an efficient electrochemical application. Thus, through composite materials, 

it is possible to exploit the characteristics of several materials, which, when combined, 

enable them to achieve tailored properties suitable for a specific application. 

For example, Bertana et al. [127] introduced a 3D-printed supercapacitor device 

employing a 3D-printable electrically conductive polymeric blend based on poly (3,4-

ethylenedioxythiophene)-poly (styrene sulfonate) (PEDOT: PSS), exploiting a ceramic 

substrate. The device was printed with an SL custom SL printer. Different electrode 

thicknesses were 3D printed to study the scaling properties of the resin, and the several 

electrodes were electrically and electrochemically investigated. 

In another study, Credi et al. [128] proposed a prototype of polymeric cantilever-

based magnetic microstructures printed by means of SL. They used Bisphenol A 

ethoxylate diacrylate as a photopolymer, and to confer ferromagnetic properties to the 

resin, they used two different approaches: the first was a selective deposition of a metal 

layer on the surface of the device, the second was the loading of magnetic nanoparticles 

within the polymer matrix. Finally, they studied the sensing performance of the 

specimens, in terms of static flexural behaviour versus the magnetic field applied. 

In another study, Lantean et al. [129,130] developed a magnetoresponsive polymer 

obtained by loading Ebecryl 8232 resin, a urethan-acrylate resin, with Fe3O4 nanofillers and 

different amounts of butyl acrylate to control the viscosity of the formulations, the reactivity, 

and the mechanical properties. In their work, a modified commercial DLP 3D printer was 

used to obtain hammer-like actuators (Figure 20) that can be successfully used to transfer 

torque to other gears, thus converting a rotation movement into a linear translation. 
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Figure 20. Design of magnetoresponsive soft hammer. Initial configuration and bending of 

magnetoresponsive soft hammer for two opposite directions of applied magnetic field: (a) design of 

a magnetoresponsive soft hammer. The microstructure is indicated by the arrow on the head of the 

hammer. (b) Initial configuration (H = 0) and (c,d) bending of the magnetoresponsive soft hammer 

for two opposite directions of the applied magnetic field. Reprinted from [129]. 

5. Conclusions and Future Trends 

MEMS devices are primarily employed in the electronic, mechanical, automotive, 

biomedical, and related fields, serving as sensors, actuators, microfluidic systems, and 

more. Despite the well-established conventional production techniques, there is a demand 

to reduce production times and costs, consequently increasing production yields. Thus, 

AM processes represent a valid alternative that addresses these requirements. In this 

review, the focus was set on the Italian scenario of 3D-printed MEMS, specifically 

examining works that employ different 3D-printing technologies and incorporate novel 

and innovative materials. The Italian environment appears particularly vital in this 

context, being at the forefront of worldwide research, and obviously participating also in 

international collaborations. Table 2 helps to give a view of Italian research in an 

international context. The table sums up the possible MEMS applications for the 

previously mentioned technologies and compares the state of the art of the Italian 

landscape for 3D-printed MEMS with respect to the international scenario. Various 

techniques are selected based on their specific characteristics. For instance, SLA is widely 

utilised because of its precision and high resolution, whereas TPP is frequently chosen for 

its ability to manufacture nanoscale geometries that cannot be achieved with other 

manufacturing methods. Material extrusion technologies are also noteworthy for their 

cost-effectiveness, extensive material options, and the potential to reduce the weight of 

components. Moreover, material-je�ing technologies, including pyro-EHD printing, are 

rapidly gaining popularity, due to their simplicity, flexibility, high resolution, and 

versatility in both printing materials and substrates, coupled with features such as being 

free from nozzles. Finally, powder bed fusion technology includes notable methods such 

as MLS, extensively employed for metallic components, and SLM, which can be used for 

manufacturing compact mechanical parts. 
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Table 2. A summary table to compare the current application of AM technologies for MEMS 

fabrication in Italy with the current application of them in the rest of the world. 

AM Technology Current Application (Italy) Current Application (World) Ref. 

SL 

Holder for a quar� crystal microbalance 

Coriolis mass flowmeter 

One-/Three-axes accelerometer 

Magnetic actuator 

Microfluidic devices 

VOCs monitoring systems 

Supercapacitors 

Cantilevers 

Semicircular channel for flow sensor 

MEMS sensor for tensile strength 

Electrothermal micro-actuator 

Microfluidic devices 

[1,10,29–

38,43,131] 

DLP 

Microfluidic devices 

Micro-cantilever 

Photocontrallable Valve 

Nanogenerators 

Sensors 

Actuators 

Piezoelectric microphone 

Microfluidic devices 
[1,39,40,42,131] 

TPP 

Micro-optics 

Nano-resonator 

Microgrippers 

Photonic crystal F.C.C. 

Clock 

Optically driven manipulator mechanism 

Light propagator 

Accelerometer 

[1,17,44,45,131] 

FFF 

IMU 

Differential capacitive accelerometer 

Microfluidic devices 

Pressure sensor 

Switch 

Magnetic actuator 

Antennas 

[1,11,19,20,37,46–

48,131] 

MJM/PolyJet 

Soft robotic actuator with integrated pressure 

sensor 

Scan head 

Microfluidic devices  

Bio-inspired finger system 

Vibrational tactile actuator 

Holder for CCD camera 

Microfluidic devices 

[1,2,8,12,49,50,131] 

IJP/Pyro-EHD 

Microlenses 

Probe 

Metal–insulator–metal capacitors 

Strain gauge sensor 

Conductive thin electrodes 
[1,24,51,131] 

MLS 

Flying probe 

ADM for TFEPAS 

Sensors 

Uniaxial capacitive accelerometer 

Metal traces for microelectronics 

Ba�ery packaging 
[1,52,53,131] 

SLM 
Biaxial/capacitive accelerometer 

Micro-gear 
Microgrippers [1,54,55,131] 

However, new emerging trends are gaining ground all over the world in the 3D-

printed MEMS field, except for Italy, as for example the use of new AM techniques to 

fabricate MEMS devices. In the work of Blachowicz et al. [1], alternative fabrication 

technologies are shown to produce capacitive MEMS vibration sensors. For the MEMS 

cantilever, in particular, they presented 3D-printing technologies based on focused beams: 

a first one based on an ion beam that etched a silicon-on-insulator wafer, a second one 

based on an electron beam that selectively melted a Ti-alloy powder [1]. Another 

promising technology for MEMS electrothermal actuators is the laser-induced forward 

transfer, that allows one to deposit a metal layer at microscale with high accuracy using a 

laser and a reservoir made of a thin metal film deposited on a carrier substrate [131]. Then, 

other technologies that are spreading fast in the MEMS fabrication world are micro-

transfer printing and sheet lamination. Micro-transfer printing is performed using thin 

layers of prepa�erned material sheets that are stacked one on top of the other through a 

stamp [131]. Its working principle is close to sheet lamination, where sheets of material 
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are stacked, cut, and bonded together using an energy source, like heat or ultrasonication, 

or with a glue [132]. 

The restriction of materials in each 3D-printing technique can be considered as a 

challenge; indeed, the opportunity to employ novel materials, distinct from the commonly 

used silicon, such as polymeric, ceramic, and metallic materials, has enabled the diverse 

application of MEMS across various scenarios. This approach leverages the unique 

characteristics of these materials, allowing for overcoming the limitations associated with 

the exclusive use of silicon. 

Nevertheless, further efforts must be made to create solutions that can be compatible 

with multiple application fields, such as the biomedical, especially in order to enhance 

some important features like the biocompatibility of the materials, which should be 

considered as one limitation in the manufacturing of Bio-MEMS [133]. 

In addition, in the Italian scenario, fewer materials are exploited than in the rest of 

the world, like different piezoelectric materials [134]—such as PVDF, PEGDA, BaTiO3, or 

a combination of them, which can be employed for a variety of applications—as well as 

other polymers, like photopolymer resins or a composite materials, which show great 

potential in the production of MEMS [135]. 

Summarising, the fabrication of MEMS by additive manufacturing technologies is a 

cornerstone of next-generation innovation, and in this context, the know-how developed 

by the Italian community appears crucial both in industry and in academia. As a natural 

consequence, the necessity emerges to strengthen national and international networking, 

to bring to everyday life the discoveries here presented. 

Funding: This work was supported within the MICS (Made in Italy–Circular and Sustainable) 

Extended Partnership and received funding from the European Union–Next Generation EU 

(PIANO NAZIONALE DI RIPRESA E RESILIENZA (PNRR)—MISSIONE 4 COMPONENTE 2, 

INVESTIMENTO 1.3—D.D. 1551.11-10-2022, PE00000004). This manuscript reflects only the authors’ 

views and opinions; neither the European Union nor the European Commission can be considered 

responsible for them. 

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is 

not applicable to this article. 

Conflicts of Interest: The authors declare no conflicts of interest. 

References 

1. Blachowicz, T.; Ehrmann, A. 3D Printed MEMS Technology-Recent Developments and Applications. Micromachines 2020, 11, 

434. h�ps://doi.org/10.3390/MI11040434. 

2. Spina, F.; Pouryazdan, A.; Costa, J.C.; Cuspinera, L.P.; Münzenrieder, N. Directly 3D-Printed Monolithic Soft Robotic Gripper 

with Liquid Metal Microchannels for Tactile Sensing. Flex. Print. Electron. 2019, 4, 035001. h�ps://doi.org/10.1088/2058-

8585/ab3384. 

3. Kurmendra; Kumar, R. Materials Selection Approaches and Fabrication Methods in RF MEMS Switches. J. Electron. Mater. 2021, 

50, 3149–3168. h�ps://doi.org/10.1007/s11664-021-08817-8. 

4. He, Y.; Yu, A.; Liu, X.; Wang, Y. Micro Electro-Mechanical Systems (MEMS). In Handbook of Integrated Circuit Industry; Springer 

Nature Singapore: Singapore, 2024; pp. 895–911. 

5. Alammar, A.; Kois, J.C.; Revilla-León, M.; A�, W. Additive Manufacturing Technologies: Current Status and Future 

Perspectives. J. Prosthodont. 2022, 31, 4–12. h�ps://doi.org/10.1111/jopr.13477. 

6. De Pasquale, G. Additive Manufacturing of Micro-electro-mechanical Systems (Mems). Micromachines 2021, 12, 1374. 

h�ps://doi.org/10.3390/mi12111374. 

7. Zare, E.N.; Makvandi, P.; Ersoy, S. Micro and Nano Sensors from Additive Manufacturing. J. Nanomater. 2022, 2022, 9835910. 

h�ps://doi.org/10.1155/2022/9835910. 

8. Savaş, J.; Altınsoy, M.; Gökdel, Y.D.; Ferhanoğlu, O.; Çivitci, F. A 45° Tilted 3D-Printed Scanner for Compact Side-View Laser 

Scanning Endoscopy. Microsyst. Technol. 2020, 26, 1093–1099. h�ps://doi.org/10.1007/s00542-019-04635-5. 

9. Guix, M.; Mestre, R.; Patiño, T.; De Corato, M.; Fuentes, J.; Zarpellon, G.; Sánchez, S. Biohybrid Soft Robots with Self-Stimulating 

Skeletons. Sci. Robot. 2021, 6, 7577–7590. 

10. Dallari, C.; Credi, C.; Lenci, E.; Trabocchi, A.; Cicchi, R.; Pavone, F.S. Nanostars—Decorated Microfluidic Sensors for Surface 

Enhanced Raman Sca�ering Targeting of Biomolecules. J. Phys. Photonics 2020, 2, 024008. h�ps://doi.org/10.1088/2515-

7647/ab869a. 



Micromachines 2024, 15, 678 42 of 46 
 

 

11. Moscato, S.; Pasian, M.; Bozzi, M.; Perregrini, L.; Bahr, R.; Le, T.; Tentzeris Manos, M. Exploiting 3D Printed Substrate for 

Microfluidic SIW Sensor. In Proceedings of the 45th European Microwave Conference, Paris, France, 7–10 September 2015; pp. 28–

31. 

12. Donvito, L.; Galluccio, L.; Lombardo, A.; Morabito, G.; Nicolosi, A.; Reno, M. Experimental Validation of a Simple, Low-Cost, 

T-Junction Droplet Generator Fabricated through 3D Printing. J. Micromechanics Microeng. 2015, 25, 035013. 

h�ps://doi.org/10.1088/0960-1317/25/3/035013. 

13. Global Machine Tools Market. Additive Manufacturing Market Size, Share & Trends Analysis Report by Component, by Printer Type, 

by Technology, by Software, by Application, by Vertical, by Material, by Region, and Segment Forecasts, 2022–2030; Grand View 

Research: San Francisco, CA, USA, 2022. 

14. ISO/ASTM 52900:2021(En); Additive Manufacturing—General Principles—Fundamentals and Vocabulary; ISO/TC 261; ASTM 

Commi�ee F42; Technical Commi�ee CEN/TC 438; ISO: Geneva, Swi�erland, 2021. 

15. Truxova, V.; Sa�a, J.; Seidl, M.; Kovalenko, I.; Volesky, L.; Ackermann, M. Ceramic 3D Printing: Comparison of SLA and DLP 

Technologies. MM Sci. J. 2020, 2020, 3905–3911. h�ps://doi.org/10.17973/MMSJ.2020_06_2020006. 

16. Marasso, S.L.; Cocuzza, M. High Resolution Manufacturing from 2D to 3D/4D Printing: Applications in Engineering and Medicine; 

Springer International Publishing: Berlin/Heidelberg, Germany, 2022; ISBN 9783031137792. 

17. Stassi, S.; Cooperstein, I.; Tortello, M.; Pirri, C.F.; Magdassi, S.; Ricciardi, C. Reaching Silicon-Based NEMS Performances with 

3D Printed Nanomechanical Resonators. Nat. Commun. 2021, 12, 6080. h�ps://doi.org/10.1038/s41467-021-26353-1. 

18. Altıparmak, S.C.; Yardley, V.A.; Shi, Z.; Lin, J. Extrusion-Based Additive Manufacturing Technologies: State of the Art and 

Future Perspectives. J. Manuf. Process 2022, 83, 607–636. h�ps://doi.org/10.1016/j.jmapro.2022.09.032. 

19. De Alteriis, G.; Silvestri, A.T.; Bo�ino, V.; Caputo, E.; Bonavolonta, F.; Lo Moriello, R.S.; Squillace, A.; Accardo, D. Innovative 

Fusion Strategy for MEMS Redundant-IMU Exploiting Custom 3D Components. In Proceedings of the 2022 IEEE 9th 

International Workshop on Metrology for AeroSpace, MetroAeroSpace, Pisa, Italy, 27–29 June 2022; Institute of Electrical and 

Electronics Engineers Inc.: New York, NY, USA, 2022; pp. 644–648. 

20. Zeraatkar, M.; De Tullio, M.D.; Percoco, G. Fused Filament Fabrication (FFF) for Manufacturing of Microfluidic Micromixers: 

An Experimental Study on the Effect of Process Variables in Printed Microfluidic Micromixers. Micromachines 2021, 12, 858. 

h�ps://doi.org/10.3390/mi12080858. 

21. Gülcan, O.; Günaydın, K.; Tamer, A. The State of the Art of Material Je�ing—A Critical Review. Polymers 2021, 13, 2829. 

h�ps://doi.org/10.3390/polym13162829. 

22. Udroiu, R.; Braga, I.C. Polyjet Technology Applications for Rapid Tooling. In Proceedings of the IManE&E 2017, MATEC Web of 

Conferences; EDP Sciences: Les Ulis, France, 2017; Volume 112, p. 03011. 

23. Kitsakis, K.; Kechagias, J.; Vaxevanidis, N.; Giagkopoulos, D. Tolerance Analysis of 3d-MJM Parts According to IT Grade. In 

IOP Conference Series: Materials Science and Engineering; Institute of Physics Publishing: Bristol, UK, 2016; Volume 161. 

24. Coppola, S.; Vespini, V.; Bianco, V.; Mecozzi, L.; Olivieri, F.; Todino, M.; Paturzo, M.; Grilli, S.; Ferraro, P. Pyro-EHD Ink-Jet 

Printing for Direct Functionalization of 3D Lab-on-Chip Devices. In Microfluidics, BioMEMS, and Medical Microsystems XIV; SPIE: 

Bellingham, WA, USA, 2016; Volume 9705, p. 97050L. 

25. Roy, N.K.; Behera, D.; Dibua, O.G.; Foong, C.S.; Cullinan, M.A. A Novel Microscale Selective Laser Sintering (µ-SLS) Process 

for the Fabrication of Microelectronic Parts. Microsyst. Nanoeng. 2019, 5, 64. h�ps://doi.org/10.1038/s41378-019-0116-8. 

26. Khorasani, M.; Gibson, I.; Ghasemi, A.H.; Hadavi, E.; Rolfe, B. Laser Subtractive and Laser Powder Bed Fusion of Metals: Review 

of Process and Production Features. Rapid Prototyp. J. 2023, 29, 935–958. h�ps://doi.org/10.1108/RPJ-03-2021-0055. 

27. What Is Micro Laser Sintering?—3D MicroPrint GmbH. Available online: h�ps://www.3dmicroprint.com/technology/what-is-

micro-laser-sintering/ (accessed on 18 October 2023). 

28. Yap, C.Y.; Chua, C.K.; Dong, Z.L.; Liu, Z.H.; Zhang, D.Q.; Loh, L.E.; Sing, S.L. Review of Selective Laser Melting: Materials and 

Applications. Appl. Phys. Rev. 2015, 2, 041101. h�ps://doi.org/10.1063/1.4935926. 

29. Scaccabarozzi, D.; Saggin, B.; Magni, M.; Valnegri, P.; Corti, M.G.; Palomba, E.; Longobardo, A.; Dirri, F.; Zampe�i, E. Design 

of 3D Printed Holder for Quar� Crystal Microbalances. In Proceedings of the 2021 IEEE International Workshop on Metrology 

for AeroSpace, MetroAeroSpace 2021—Proceedings, Naples, Italy, 23–25 June 2021; Institute of Electrical and Electronics 

Engineers Inc.: New York, NY, USA, 2021; pp. 715–719. 

30. Gaffuri Pagani, L.; Carulli, P.; Zega, V.; Suriano, R.; Bernasconi, R.; Frangi, A.; Levi, M.; Magagnin, L.; Langfelder, G. The First 

Three-Dimensional Printed and Wet-Metallized Coriolis Mass Flowmeter. IEEE Sens. Le�. 2020, 4, 2995570. 

h�ps://doi.org/10.1109/LSENS.2020.2995570. 

31. Zega, V.; Invernizzi, M.; Bernasconi, R.; Cuneo, F.; Langfelder, G.; Magagnin, L.; Levi, M.; Corigliano, A. The First 3D-Printed 

and Wet-Metallized Three-Axis Accelerometer with Differential Capacitive Sensing. IEEE Sens. J. 2019, 19, 9131–9138. 

h�ps://doi.org/10.1109/JSEN.2019.2924473. 

32. Zega, V.; Credi, C.; Bernasconi, R.; Langfelder, G.; Magagnin, L.; Levi, M.; Corigliano, A. The First 3-d-Printed z-Axis 

Accelerometers with Differential Capacitive Sensing. IEEE Sens. J. 2018, 18, 53–60. h�ps://doi.org/10.1109/JSEN.2017.2768299. 

33. Bernasconi, R.; Credi, C.; Tironi, M.; Levi, M.; Magagnin, L. Electroless Metallization of Stereolithographic Photocurable Resins 

for 3D Printing of Functional Microdevices. J. Electrochem. Soc. 2017, 164, B3059–B3066. h�ps://doi.org/10.1149/2.0081705jes. 

34. Khorsandi, D.; Nodehi, M.; Waqar, T.; Shabani, M.; Kamare, B.; Zare, E.N.; Ersoy, S.; Annabestani, M.; Çelebi, M.F.; Kafadenk, 

A. Manufacturing of Microfluidic Sensors Utilizing 3D Printing Technologies: A Production System. J. Nanomater. 2021, 2021, 

5537074. h�ps://doi.org/10.1155/2021/5537074. 



Micromachines 2024, 15, 678 43 of 46 
 

 

35. De Pasquale, G.; Bertana, V.; Scaltrito, L. Experimental Evaluation of Mechanical Properties Repeatability of SLA Polymers for 

Labs-on-Chip and Bio-MEMS. Microsyst. Technol. 2018, 24, 3487–3497. h�ps://doi.org/10.1007/s00542-018-3753-1. 

36. Zeraatkar, M.; Filippini, D.; Percoco, G. On the Impact of the Fabrication Method on the Performance of 3D Printed Mixers. 

Micromachines 2019, 10, 298. h�ps://doi.org/10.3390/mi10050298. 

37. Zeraatkar, M.; de Tullio, M.D.; Pricci, A.; Pignatelli, F.; Percoco, G. Exploiting Limitations of Fused Deposition Modeling to Enhance 

Mixing in 3D Printed Microfluidic Devices. Rapid Prototyp. J. 2021, 27, 1850–1859. https://doi.org/10.1108/RPJ-03-2021-0051. 

38. Santangelo, M.F.; Libertino, S.; Turner, A.P.F.; Filippini, D.; Mak, W.C. Integrating Printed Microfluidics with Silicon 

Photomultipliers for Miniaturised and Highly Sensitive ATP Bioluminescence Detection. Biosens. Bioelectron. 2018, 99, 464–470. 

h�ps://doi.org/10.1016/j.bios.2017.07.055. 

39. Gonzalez, G.; Chiappone, A.; Dietliker, K.; Pirri, C.F.; Roppolo, I. Fabrication and Functionalization of 3D Printed 

Polydimethylsiloxane-Based Microfluidic Devices Obtained through Digital Light Processing. Adv. Mater. Technol. 2020, 5, 

2000374. h�ps://doi.org/10.1002/admt.202000374. 

40. Bucciarelli, A.; Paolelli, X.; De Vitis, E.; Selicato, N.; Gervaso, F.; Gigli, G.; Moroni, L.; Polini, A. VAT Photopolymerization 3D 

Printing Optimization of High Aspect Ratio Structures for Additive Manufacturing of Chips towards Biomedical Applications. 

Addit. Manuf. 2022, 60, 103200. h�ps://doi.org/10.1016/j.addma.2022.103200. 

41. ISO 10993-1:2018; Biological Evaluation of Medical Devices. ISO: Geneva Swi�erland, 2018. 

42. Stassi, S.; Fantino, E.; Calmo, R.; Chiappone, A.; Gillono, M.; Scaiola, D.; Pirri, C.F.; Ricciardi, C.; Chiadò, A.; Roppolo, I. 

Polymeric 3D Printed Functional Microcantilevers for Biosensing Applications. ACS Appl. Mater. Interfaces 2017, 9, 19193–19201. 

h�ps://doi.org/10.1021/acsami.7b04030. 

43. Sai�a, L.; Celano, G.; Cicala, G.; Fragalà, M.E.; Stella, G.; Barcellona, M.; Tosto, C.; Bucolo, M. Projection Micro-Stereolithography 

versus Master–Slave Approach to Manufacture a Micro-Optofluidic Device for Slug Flow Detection. Int. J. Adv. Manuf. Technol. 

2022, 120, 4443–4460. h�ps://doi.org/10.1007/s00170-022-08889-8. 

44. Cojoc, G.; Liberale, C.; Candeloro, P.; Gentile, F.; Das, G.; De Angelis, F.; Di Fabrizio, E. Optical Micro-Structures Fabricated on 

Top of Optical Fibers by Means of Two-Photon Photopolymerization. Microelectron. Eng. 2010, 87, 876–879. 

h�ps://doi.org/10.1016/j.mee.2009.12.046. 

45. Dehaeck, S.; Cavaiani, M.; Chafai, A.; Tourtit, Y.; Vitry, Y.; Lambert, P. Hybrid Two-Scale Fabrication of Sub-Millimetric 

Capillary Grippers. Micromachines 2019, 10, 224. h�ps://doi.org/10.3390/mi10040224. 

46. Ruzza, G.; Guerriero, L.; Revellino, P.; Guadagno, F.M. A Low-Cost Chamber Prototype for Automatic Thermal Analysis of 

MEMS IMU Sensors in Tilt Measurements Perspective. Sensors 2019, 19, 2705. h�ps://doi.org/10.3390/s19122705. 

47. Barile, G.; Esposito, P.; Stornelli, V.; Ferri, G. Development and Analysis of a Multimaterial FDM 3D Printed Capacitive 

Accelerometer. IEEE Access 2023, 11, 40175–40181. h�ps://doi.org/10.1109/ACCESS.2023.3246731. 

48. Di Giampaolo, E.; Di Natale, A. A Configurable Microwave Microfluidic Sensor for Medical Diagnosis and Chemical Analysis. 

In Proceedings of the PhotonIcs & Electromagnetics Research Symposium—Spring (PIERS—SPRING), Rome, Italy, 17–20 June 

2019; pp. 17–20. 

49. Cairone, F.; Gagliano, S.; Carbone, D.C.; Recca, G.; Bucolo, M. Micro-Optofluidic Switch Realized by 3D Printing Technology. 

Microfluid. Nanofluidics 2016, 20, 61. h�ps://doi.org/10.1007/s10404-016-1727-0. 

50. Barbaresco, F.; Cocuzza, M.; Pirri, C.F.; Marasso, S.L. Application of a Micro Free-Flow Electrophoresis 3d Printed Lab-on-a-

Chip for Micro-Nanoparticles Analysis. Nanomaterials 2020, 10, 1277. h�ps://doi.org/10.3390/nano10071277. 

51. Mandracchia, B.; Bianco, V.; Wang, Z.; Paturzo, M.; Bramanti, A.; Pioggia, G.; Ferraro, P. A Pocket Device for High-Throughput 

Optofluidic Holographic Microscopy. In Optical Methods for Inspection, Characterization, and Imaging of Biomaterials III; SPIE: 

Bellingham, WA, USA, 2017; Volume 10333. 

52. Galati, M.; Calignano, F.; Viccica, M.; Iuliano, L. Additive Manufacturing Redesigning of Metallic Parts for High Precision 

Machines. Crystals 2020, 10, 161. h�ps://doi.org/10.3390/cryst10030161. 

53. Viola, R.; Liberatore, N.; Mengali, S. Additively Manufactured Detection Module with Integrated Tuning Fork for Enhanced 

Photo-Acoustic Spectroscopy. Sensors 2022, 22, 7193. h�ps://doi.org/10.3390/s22197193. 

54. Martinelli, L.; Corigliano, A.; Casati, R.; Zappa, E.; Zega, V. 3D-Printed Titanium Accelerometers; Politecnico di Milano: Milan, 

Italy, 2019. 

55. Hassanin, H.; Modica, F.; El-Sayed, M.A.; Liu, J.; Essa, K. Manufacturing of Ti–6Al–4V Micro-Implantable Parts Using Hybrid 

Selective Laser Melting and Micro-Electrical Discharge Machining. Adv. Eng. Mater. 2016, 18, 1544–1549. 

h�ps://doi.org/10.1002/adem.201600172. 

56. Li, Y. Challenges and Issues of Using Polymers as Structural Materials in MEMS: A Review. J. Microelectromechanical Syst. 2018, 

27, 2837684. h�ps://doi.org/10.1109/JMEMS.2018.2837684. 

57. Lindroos, V.; Tilli, M.; Lehto, A.; Motooka, T. Handbook of Silicon Based MEMS Materials and Technologies; Applied Science 

Publisher: London, UK, 2010. 

58. Mehregany, M.; Zorman, C.A. SiC MEMS: Opportunities and Challenges for Applications in Harsh Environments. Thin Solid 

Film. 1999, 355–356, 518–524. 

59. Liu, C. Recent Developments in Polymer MEMS. Adv. Mater. 2007, 19, 3783–3790. h�ps://doi.org/10.1002/adma.200701709. 

60. Kim, B.J.; Meng, E. Review of Polymer MEMS Micromachining. J. Micromechanics Microeng. 2015, 26, 013001. 

h�ps://doi.org/10.1088/0960-1317/26/1/013001. 



Micromachines 2024, 15, 678 44 of 46 
 

 

61. Olivas, J.D.; Bolin, S. Advancements in MEMS Materials and Processing Technology. JOM 1998, 50, 38–43. 

h�ps://doi.org/10.1007/s11837-998-0066-3. 

62. Hajare, R.; Reddy, V.; Srikanth, R. MEMS Based Sensors—A Comprehensive Review of Commonly Used Fabrication 

Techniques. Mater. Today Proc. 2021, 49, 720–730. 

63. Zhang, H.; Dai, J.; Zhang, W.; Fernandez, R.E.; Sobahi, N.; Chircov, C.; Grumezescu, A.M. Microelectromechanical Systems 

(MEMS) for Biomedical Applications. Micromachines 2022, 13, 164. h�ps://doi.org/10.3390/MI13020164. 

64. Judy, J.W. Microelectromechanical Systems (MEMS): Fabrication, Design and Applications. Smart Mater. Struct. 2001, 10, 1115. 

h�ps://doi.org/10.1088/0964-1726/10/6/301. 

65. Sharma, B.; Sharma, A. Microfluidics: Recent Advances Toward Lab-on-Chip Applications in Bioanalysis. Adv. Eng. Mater. 2021, 

24, 2100738. h�ps://doi.org/10.1002/adem.202100738. 

66. Tiboni, M.; Benede�i, S.; Skouras, A.; Curzi, G.; Romano Perinelli, D.; Palmieri, G.F.; Case�ari, L. 3D-Printed Microfluidic Chip 

for the Preparation of Glycyrrhetinic Acid-Loaded Ethanolic Liposomes. Int. J. Pharm. 2020, 584, 119436. 

h�ps://doi.org/10.1016/j.ijpharm.2020.119436. 

67. Ziaie, B.; Baldi, A.; Lei, M.; Gu, Y.; Siegel, R.A. Hard and Soft Micromachining for BioMEMS: Review of Techniques and 

Examples of Applications in Microfluidics and Drug Delivery. Adv. Drug Deliv. Rev. 2004, 56, 145–172. 

h�ps://doi.org/10.1016/j.addr.2003.09.001. 

68. Maheshwari, N.; Cha�erjee, G.; Ramgopal Rao, V. A Technology Overview and Applications of Bio-MEMS. J. Inst. Smart Struct. 

Syst. 2014, 3, 39–59. 

69. Abgrall, P.; Conedera, V.; Camon, H.; Gue, A.-M.; Nguyen, N.-T. SU-8 as a Structural Material for Labs-on-Chips and 

Microelectromechanical Systems. Electrophoresis 2007, 28, 4539–4551. h�ps://doi.org/10.1002/elps.200700333. 

70. Jeen Hong, S.I.; Choi, S.; Choi, Y.; Alien, M.; May, G.S. Characterization of Low-Temperature SU-8 Photoresist Processing for 

MEMS Applications. In Proceedings of the IEEE/SEMI Advanced Semiconductor Manufacturing Conference and Workshop, 

Boston, MA, USA, 4–6 May 2004; pp. 404–408. 

71. Bernasconi, R.; Meroni, D.; Aliverti, A.; Magagnin, L. Fabrication of a Bioimpedance Sensor via Inkjet Printing and Selective 

Metallization. IEEE Sens. J. 2020, 20, 3007619. h�ps://doi.org/10.1109/JSEN.2020.3007619. 

72. Ko�, F.; Mader, M.; Dellen, N.; Risch, P.; Kick, A.; Helmer, D.; Rapp, B.E. Fused Deposition Modeling of Microfluidic Chips in 

Polymethylmethacrylate. Micromachines 2020, 11, 873. h�ps://doi.org/10.3390/mi11090873. 

73. Potrich, C.; Vaghi, V.; Lunelli, L.; Pasquardini, L.; Santini, G.C.; O�one, C.; Quaglio, M.; Cocuzza, M.; Pirri, C.F.; Ferracin, M.; et 

al. OncomiR Detection in Circulating Body Fluids: A PDMS Microdevice Perspective. Lab Chip 2014, 14, 4067–4075. 

h�ps://doi.org/10.1039/c4lc00630e. 

74. Conde, A.J.; Keraite, I.; Ongaro, A.E.; Kersaudy-Kerhoas, M. Versatile Hybrid Acoustic Micromixer with Demonstration of 

Circulating Cell-Free DNA Extraction from Sub-Ml Plasma Samples. Lab Chip 2020, 20, 741–748. 

h�ps://doi.org/10.1039/c9lc01130g. 

75. Pezzana, L.; Riccucci, G.; Spriano, S.; Ba�egazzore, D.; Sangermano, M.; Chiappone, A. 3D Printing of PDMS-Like Polymer 

Nanocomposites with Enhanced Thermal Conductivity: Boron Nitride Based Photocuring System. Nanomaterials 2021, 11, 373. 

h�ps://doi.org/10.3390/nano11020373. 

76. Miranda, I.; Souza, A.; Sousa, P.; Ribeiro, J.; Castanheira, E.M.S.; Lima, R.; Minas, G. Properties and Applications of PDMS for 

Biomedical Engineering: A Review. J. Funct. Biomater. 2021, 13, 2. h�ps://doi.org/10.3390/JFB13010002. 

77. Cairone, F.; Davi, S.; Stella, G.; Guarino, F.; Recca, G.; Cicala, G.; Bucolo, M. 3D-Printed Micro-Optofluidic Device for Chemical 

Fluids and Cells Detection. Biomed. Microdevices 2020, 22, 37. h�ps://doi.org/10.1007/s10544-020-00487-3. 

78. Villata, S.; Canta, M.; Baruffaldi, D.; Pavan, A.; Chiappone, A.; Pirri, C.F.; Frascella, F.; Roppolo, I. 3D Printable Acrylate 

Polydimethylsiloxane Resins for Cell Culture and Drug Testing. Biomater. Sci. 2023, 11, 2950–2959. 

h�ps://doi.org/10.1039/D3BM00152K. 

79. Ongaro, A.E.; Di Giuseppe, D.; Kermanizadeh, A.; Crespo, A.M.; Menca�ini, A.; Ghibelli, L.; Mancini, V.; Wlodarczyk, K.L.; 

Hand, D.P.; Martinelli, E.; et al. Polylactic Is a Sustainable, Low Absorption, Low Autofluorescence Alternative to Other Plastics 

for Microfluidic and Organ-on-Chip Applications. Anal. Chem. 2020, 92, 6693–6701. 

h�ps://doi.org/10.1021/acs.analchem.0c00651. 

80. Perna, G.; Bonacci, F.; Caponi, S.; Clementi, G.; Di Michele, A.; Gammaitoni, L.; Ma�arelli, M.; Neri, I.; Puglia, D.; Co�one, F. 

3D-Printed Piezoelectret Based on Foamed Polylactic Acid for Energy-Harvesting and Sensing Applications. Nanomaterials 2023, 

13, 2953. h�ps://doi.org/10.3390/nano13222953. 

81. Roppolo, I.; Chiappone, A.; Angelini, A.; Stassi, S.; Frascella, F.; Pirri, C.F.; Ricciardi, C.; Descrovi, E. 3D Printable Light-

Responsive Polymers. Mater. Horiz. 2017, 4, 396–401. h�ps://doi.org/10.1039/c7mh00072c. 

82. Gillono, M.; Roppolo, I.; Frascella, F.; Scaltrito, L.; Pirri, C.F.; Chiappone, A. CO2 Permeability Control in 3D Printed Light 

Responsive Structures. Appl. Mater. Today 2020, 18, 100470. h�ps://doi.org/10.1016/j.apmt.2019.100470. 

83. Chiappone, A.; Roppolo, I.; Scavino, E.; Mogli, G.; Pirri, C.F.; Stassi, S. Three-Dimensional Printing of Triboelectric 

Nanogenerators by Digital Light Processing Technique for Mechanical Energy Harvesting. ACS Appl. Mater. Interfaces 2023, 15, 

46. h�ps://doi.org/10.1021/acsami.3c13323. 

84. Scordo, G.; Bertana, V.; Ballesio, A.; Carcione, R.; Marasso, S.L.; Cocuzza, M.; Pirri, C.F.; Manachino, M.; Gomez, M.G.; Vitale, 

A.; et al. Effect of Volatile Organic Compounds Adsorption on 3D-Printed PEGDA:PEDOT for Long-Term Monitoring Devices. 

Nanomaterials 2021, 11, 94. h�ps://doi.org/10.3390/NANO11010094. 



Micromachines 2024, 15, 678 45 of 46 
 

 

85. Liew, L.-A.; Liu, Y.; Luo, R.; Cross, T.; An, L.; Bright, V.M.; Dunn, M.L.; Daily, J.W.; Raj, R. Fabrication of SiCN MEMS by 

Photopolymerization of Pre-Ceramic Polymer. Sens. Actuators A 2002, 95, 120–134. 

86. Liew, L.-A.; Zhang, W.; An, L.; Shah, S.; Luo, R.; Liu, Y.; Cross, T.; Dunn, M.L.; Bright, V.; Daily, J.W.; et al. Ceramic MEMS—

New Materials, Innovative Processing and Future Applications. Am. Ceram. Soc. Bull. 2001, 80, 25–30. 

87. Cheung, R. Introduction to Silicon Carbide (SIC) Microelectromechanical Systems (MEMS). In Silicon Carbide 

Microelectromechanical Systems for Harsh Environments; World Scientific: Singapore, 2006; pp. 1–17. 

h�ps://doi.org/10.1142/9781860949098_0001. 

88. Guo, X.; Xun, Q.; Li, Z.; Du, S. Silicon Carbide Converters and MEMS Devices for High-Temperature Power Electronics: A 

Critical Review. Micromachines 2019, 10, 406. h�ps://doi.org/10.3390/mi10060406. 

89. Ponraj, J.S.; Dhanabalan, S.C.; A�olini, G.; Salviati, G. SiC Nanostructures Toward Biomedical Applications and Its Future 

Challenges. Crit. Rev. Solid State Mater. Sci. 2016, 41, 430–446. h�ps://doi.org/10.1080/10408436.2016.1150806. 

90. Fu, S.; Zhu, M.; Zhu, Y. Review Organosilicon Polymer-Derived Ceramics: An Overview. J. Adv. Ceram. 2019, 8, 457–478. 

h�ps://doi.org/10.1007/s40145-019-0335-3. 

91. Mera, G.; Navrotsky, A.; Sen, S.; Kleebe, H.J.; Riedel, R. Polymer-Derived SiCN and SiOC Ceramics—Structure and Energetics 

at the Nanoscale. J. Mater. Chem. A Mater. 2013, 1, 3826–3836. h�ps://doi.org/10.1039/C2TA00727D. 

92. Barrios, E.; Zhai, L. A Review of the Evolution of the Nanostructure of SiCN and SiOC Polymer Derived Ceramics and the 

Impact on Mechanical Properties. Mol. Syst. Des. Eng. 2020, 5, 1606–1641. h�ps://doi.org/10.1039/D0ME00123F. 

93. Colombo, P.; Mera, G.; Riedel, R.; Sorarù, G.D. Polymer-Derived Ceramics: 40 Years of Research and Innovation in Advanced 

Ceramics. J. Am. Ceram. Soc. 2010, 93, 1805–1837. h�ps://doi.org/10.1111/j.1551-2916.2010.03876.x. 

94. Ren, X.; Ebadi, S.; Chen, Y.; An, L.; Gong, X. Characterization of SiCN Ceramic Material Dielectric Properties at High 

Temperatures for Harsh Environment Sensing Applications. IEEE Trans. Microw. Theory Tech. 2013, 61, 960–971. 

h�ps://doi.org/10.1109/TMTT.2012.2234476. 

95. Lu, K.; Erb, D.; Liu, M. Thermal Stability and Electrical Conductivity of Carbon-Enriched Silicon Oxycarbide. J. Mater. Chem. C 

2016, 4, 1829. h�ps://doi.org/10.1039/c6tc00069j. 

96. Arango-Ospina, M.; Xie, F.; Gonzalo-Juan, I.; Riedel, R.; Ionescu, E.; Boccaccini, A.R. Review: Silicon Oxycarbide Based Materials 

for Biomedical Applications. Appl. Mater. Today 2020, 18, 100482. h�ps://doi.org/10.1016/J.APMT.2019.100482. 

97. Zanche�a, E.; Ca�aldo, M.; Franchin, G.; Schwentenwein, M.; Homa, J.; Brusatin, G.; Colombo, P. Stereolithography of SiOC 

Ceramic Microcomponents. Adv. Mater. 2016, 28, 370–376. h�ps://doi.org/10.1002/adma.201503470. 

98. Zocca, A.; Gomes, C.M.; Staude, A.; Bernardo, E.; Günster, J.; Colombo, P. SiOC Ceramics with Ordered Porosity by 3D-Printing 

of a Preceramic Polymer. J. Mater. Res. 2013, 28, 2243–2252. h�ps://doi.org/10.1557/jmr.2013.129. 

99. Korlyakov, A.V.; Mikhailova, O.N.; Serkov, A.V. Metallic Coatings for MEMS Structures. IOP Conf. Ser. Mater. Sci. Eng. 2018, 

387, 012040. h�ps://doi.org/10.1088/1757-899X/387/1/012040. 

100. Mary Francis, B.; Sophia Ponraj, J.; Dhanabalan, B.; Jin Kang, D.; Gonzaléz-García, L.; Kraus, T. Review—Inkjet Printing of Metal 

Structures for Electrochemical Sensor Applications. J. Electrochem. Soc. 2020, 167, 037571. https://doi.org/10.1149/1945-7111/AB721F. 

101. Ylönen, M.; Vähä-Heikkilä, T.; Ka�elus, H. Amorphous Metal Alloy Based MEMS for RF Applications. Sens. Actuators A Phys. 

2006, 132, 283–288. h�ps://doi.org/10.1016/J.SNA.2006.05.033. 

102. Chen, Z.; Tian, W.; Zhang, X.; Coutu, R.A.; Kladitis, P.E.; Leedy, K.D.; Crane, R.L. Selecting Metal Alloy Electric Contact 

Materials for MEMS Switches. J. Micromechanics Microeng. 2004, 14, 1157–1164. h�ps://doi.org/10.1088/0960-1317/14/8/006. 

103. Pa�on, S.T.; Zabinski, J.S. Fundamental Studies of Au Contacts in MEMS RF Switches. Tribol. Le�. 2005, 18, 215–230. 

h�ps://doi.org/10.1007/s11249-004-1778-3. 

104. Hay, G.I.; Southee, D.; Evans, P.S.A.; Simpson, G.; Harrison, D.J.; Harrey, P.M. Conductive Lithographic Film Fabricated 

Resistive Strain Gauges. Proc. IEEE Sens. 2003, 2, 248–252. h�ps://doi.org/10.1109/ICSENS.2003.1278937. 

105. Ouyang, M.; Li, W.J.; Wong, K.W.; Liu, W.K. Investigation of Electrical Properties of DNA-A�ached Carbon Nano-Particles for 

Biological Applications. In Proceedings of the 2012 7th IEEE International Conference on Nano/Micro Engineered and 

Molecular Systems (NEMS), Kyoto, Japan, 5–8 March 2012; pp. 429–432. h�ps://doi.org/10.1109/NEMS.2012.6196810. 

106. Ekkels, P. Evaluation of Platinum as a Structural Thin Film Material for RF-MEMS Devices. J. Micromechanics Microeng. 2009, 19, 

065010. h�ps://doi.org/10.1088/0960-1317/19/6/065010. 

107. Guarnieri, V.; Biazi, L.; Marchiori, R.; Lago, A. Platinum Metallization for MEMS Application. Bioma�er 2014, 4, e28822. 

h�ps://doi.org/10.4161/BIOM.28822. 

108. Buzzi, S.; Galli, M.; Agio, M.; Löffler, J.F. Silver High-Aspect-Ratio Micro- and Nanoimprinting for Optical Applications. Appl. 

Phys. Le�. 2009, 94, 337073. h�ps://doi.org/10.1063/1.3142426/337073. 

109. Fuller, S.B.; Wilhelm, E.J.; Jacobson, J.M. Ink-Jet Printed Nanoparticle Microelectromechanical Systems. J. Microelectromechanical 

Syst. 2002, 11, 54–60. 

110. Varga, M.; Münzenrieder, N.; Vogt, C.; Tröster, G. Programmable E-Textile Composite Circuit. In Proceedings of the 2015 IEEE 

65th Electronic Components and Technology Conference (ECTC), San Diego, CA, USA, 26–29 May 2015; pp. 678–684. 

h�ps://doi.org/10.1109/ECTC.2015.7159665. 

111. Mario�i, C.; Member, S.; Cook, B.S.; Roselli, L.; Member, S.; Ten�eris, M.M. State-of-the-Art Inkjet-Printed Metal-Insulator-

Metal (MIM) Capacitors on Silicon Substrate. IEEE Microw. Wirel. Compon. Le�. 2015, 25, 2365745. 

h�ps://doi.org/10.1109/LMWC.2014.2365745. 



Micromachines 2024, 15, 678 46 of 46 
 

 

112. Lee, H.; Coutu, R.A.; Mall, S.; Leedy, K.D. Characterization of Metal and Metal Alloy Films as Contact Materials in MEMS 

Switches. J. Micromechanics Microeng. 2006, 16, 557. h�ps://doi.org/10.1088/0960-1317/16/3/011. 

113. Fiaz, H.S.; Se�le, C.R.; Hoshino, K. Metal Additive Manufacturing for Microelectromechanical Systems: Titanium Alloy (Ti-6Al-

4V)-Based Nanopositioning Flexure Fabricated by Electron Beam Melting. Sens. Actuators A Phys. 2016, 249, 284–293. 

h�ps://doi.org/10.1016/J.SNA.2016.08.029. 

114. Elshaer, R.N.; Ibrahim, K.M. Study of Microstructure, Mechanical Properties, and Corrosion Behavior of As-Cast Ni-Ti and Ti-

6Al-4V Alloys. J. Mater. Eng. Perform. 2023, 32, 7831–7845. h�ps://doi.org/10.1007/S11665-022-07654-Y/FIGURES/20. 

115. Du, H.L.; Da�a, P.K.; Burnell-Gray, J.S.; Lewis, D.B. Effect of Nb Coating on the Sulphidation/Oxidation Behaviour of Ti and 

Ti-6Al-4V Alloy. J. Mater. Sci. 1995, 30, 2640–2647. h�ps://doi.org/10.1007/BF00362147/METRICS. 

116. Zega, V.; Martinelli, L.; Casati, R.; Zappa, E.; Langfelder, G.; Cigada, A.; Corigliano, A. A 3D Printed Ti6Al4V Alloy Uniaxial 

Capacitive Accelerometer. IEEE Sens. J. 2021, 21, 19640–19646. h�ps://doi.org/10.1109/JSEN.2021.3095760. 

117. Kempen, K.; Leuven, K.U.; Yasa, E.; Badrossamay, M. Process Optimization and Microstructural Analysis for Selective Laser 

Melting of AlSi10Mg. In Proceedings of the International Solid Freeform Fabrication Symposium; University of Texas: Austin, TX, 

USA, 2011. 

118. Chiavazzo, E.; Ventola, L.; Calignano, F.; Manfredi, D.; Asinari, P. A Sensor for Direct Measurement of Small Convective Heat 

Fluxes: Validation and Application to Micro-Structured Surfaces. Exp. Therm. Fluid. Sci. 2014, 55, 42–53. 

h�ps://doi.org/10.1016/J.EXPTHERMFLUSCI.2014.02.010. 

119. Chen, W.; Beidaghi, M.; Penmatsa, V.; Bechtold, K.; Kumari, L.; Li, W.Z.; Wang, C. Integration of Carbon Nanotubes to C-MEMS 

for on-Chip Supercapacitors. IEEE Trans. Nanotechnol. 2010, 9, 734–740. h�ps://doi.org/10.1109/TNANO.2010.2049500. 

120. Hanein, Y. Carbon Nanotube Integration into MEMS Devices. Phys. Status Solidi B 2010, 247, 2635–2640. 

h�ps://doi.org/10.1002/pssb.201000109. 

121. Jungen, A.; Stampfer, C.; Hoe�el, J.; Bright, V.M.; Hierold, C. Process Integration of Carbon Nanotubes into 

Microelectromechanical Systems. Sens. Actuators A 2006, 130, 588–594. h�ps://doi.org/10.1016/j.sna.2005.12.019. 

122. Zang, X.; Zhou, Q.; Chang, J.; Liu, Y.; Lin, L. Graphene and Carbon Nanotube (CNT) in MEMS/NEMS Applications. 

Microelectron. Eng. 2015, 132, 192–206. h�ps://doi.org/10.1016/j.mee.2014.10.023. 

123. Cortés, A.; Sánchez-Romate, X.F.; Jiménez-Suárez, A.; Campo, M.; Esmaeili, A.; Sbarufa�i, C.; Ureña, A.; Prolongo, S.G. 

Complex Geometry Strain Sensors Based on 3D Printed Nanocomposites: Spring, Three-Column Device and Footstep-Sensing 

Platform. Nanomaterials 2021, 11, 1106. h�ps://doi.org/10.3390/nano11051106. 

124. Thanh Dau, V.; Viet Dao, D.; Yamada, T.; Thanh Tung, B.; Hata, K.; Sugiyama, S. Integration of SWNT Film into MEMS for a 

Micro-Thermoelectric Device. Smart Mater. Struct. 2010, 19, 075003. h�ps://doi.org/10.1088/0964-1726/19/7/075003. 

125. Perales-Martinez, I.A.; Fernando Velásquez-García, L. Fully 3D-Printed Carbon Nanotube Field Emission Electron Sources with 

in-Plane Gate Electrode. Nanotechnology 2019, 30, 495303. h�ps://doi.org/10.1088/1361-6528/ab3d17. 

126. Iervolino, F.; Bonessa, A.; Foti, G.; Levi, M.; Suriano, R. Additive Manufacturing of Electrically Conductive Nanocomposites 

Filled with Carbon Nanotubes. Adv. Eng. Mater. 2022, 24, 2200947. h�ps://doi.org/10.1002/adem.202200947. 

127. Bertana, V.; Scordo, G.; Camilli, E.; Ge, L.; Zaccagnini, P.; Lamberti, A.; Marasso, S.L.; Scaltrito, L. 3D Printed Supercapacitor 

Exploiting PEDOT-Based Resin and Polymer Gel Electrolyte. Polymers 2023, 15, 2657. https://doi.org/10.3390/POLYM15122657/S1. 

128. Credi, C.; Fiorese, A.; Tironi, M.; Bernasconi, R.; Magagnin, L.; Levi, M.; Turri, S. 3D Printing of Cantilever-Type Microstructures by 

Stereolithography of Ferromagnetic Photopolymers. ACS Appl. Mater. Interfaces 2016, 8, 26332–26342. 

https://doi.org/10.1021/acsami.6b08880. 

129. Lantean, S.; Roppolo, I.; Sangermano, M.; Hayoun, M.; Dammak, H.; Barrera, G.; Tiberto, P.; Pirri, C.F.; Bodelot, L.; Rizza, G. 

Magnetoresponsive Devices with Programmable Behavior Using a Customized Commercial Stereolithographic 3D Printer. Adv. 

Mater. Technol. 2022, 7, 2200288. https://doi.org/10.1002/admt.202200288. 

130. Lantean, S.; Barrera, G.; Pirri, C.F.; Tiberto, P.; Sangermano, M.; Roppolo, I.; Rizza, G. 3D Printing of Magnetoresponsive Polymeric 

Materials with Tunable Mechanical and Magnetic Properties by Digital Light Processing. Adv. Mater. Technol. 2019, 4, 1900505. 

https://doi.org/10.1002/admt.201900505. 

131. Fischer, A.C.; Mäntysalo, M.; Niklaus, F. Inkjet Printing, Laser-Based Micromachining, and Micro-3D Printing Technologies for MEMS. 

In Handbook of Silicon Based MEMS Materials and Technologies; Elsevier: Amsterdam, The Netherlands, 2020; pp. 531–545, ISBN 

9780128177860. 

132. Hassanin, H.; Sheikholeslami, G.; Sareh, P.; Ishaq, R.B. Microadditive Manufacturing Technologies of 3D Microelectromechanical 

Systems. Adv. Eng. Mater. 2021, 23, 2100422. 

133. Khosravani, M.R.; Reinicke, T. 3D-Printed Sensors: Current Progress and Future Challenges. Sens. Actuators A Phys. 2020, 305, 111916. 

https://doi.org/10.1016/j.sna.2020.111916. 

134. Jiang, Y.; Islam, M.N.; He, R.; Huang, X.; Cao, P.F.; Advincula, R.C.; Dahotre, N.; Dong, P.; Wu, H.F.; Choi, W. Recent Advances in 3D 

Printed Sensors: Materials, Design, and Manufacturing. Adv. Mater. Technol. 2023, 8, 2200492. https://doi.org/10.1002/admt.202200492. 

135. Hassan, M.S.; Zaman, S.; Dantzler, J.Z.R.; Leyva, D.H.; Mahmud, M.S.; Ramirez, J.M.; Gomez, S.G.; Lin, Y. 3D Printed Integrated 

Sensors: From Fabrication to Applications—A Review. Nanomaterials 2023, 13, 3148. h�ps://doi.org/10.3390/nano13243148. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual 

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury 

to people or property resulting from any ideas, methods, instructions or products referred to in the content. 


