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Abstract: Additive manufacturing (AM) technology has been researched and developed for almost
three decades. Microscale AM is one of the fastest-growing fields of research within the AM area.
Considerable progress has been made in the development and commercialization of new and innova-
tive microscale AM processes, as well as several practical applications in a variety of fields. However,
there are still significant challenges that exist in terms of design, available materials, processes, and
the ability to fabricate true three-dimensional structures and systems at a microscale. For instance,
microscale AM fabrication technologies are associated with certain limitations and constraints due
to the scale aspect, which may require the establishment and use of specialized design methodolo-
gies in order to overcome them. The aim of this paper is to review the main processes, materials,
and applications of the current microscale AM technology, to present future research needs for this
technology, and to discuss the need for the introduction of a design methodology. Thus, one of the
primary concerns of the current paper is to present the design aspects describing the comparative
advantages and AM limitations at the microscale, as well as the selection of processes and materials.

Keywords: additive manufacturing; microscale; design; materials; processes; applications

1. Introduction

Current advancements in design processes and procedures for additive manufacturing
technology require the sufficient capturing of the scale aspect from a perspective that
incorporates the evaluation of the overall dimensions (macro-aspect) and the local features
(micro-aspect). This includes the different functionalities and/or physical laws that govern
them, as well as their synergy, including individual features and macroscopic tolerances
and sensitivity analysis. In order to take into account the scale aspect, modeling, analysis,
and simulation tools, as well as manufacturing and experimental methods, have been
employed that can treat micro- and nanoscale problems efficiently, treating them either as
individual entities or combined [1–3] (multi-scale approach). The efficient capturing of the
underlying physics (i.e., that governing physical laws), the level of material modeling, the
manufacturing methods employed, and the metrological considerations for the evaluation
of the product performance are of major importance during both the design and the
manufacturing phase, which, at the microscale, suffers from a major dilemma. The above
concerns have been heavily discussed and investigated over the past few years at the
meso/macroscale [4,5] and, during the last two decades, at the nanoscale [6,7]. However,
although the distinction between macro- and nanoscale tools is well established, the tools
and methodologies of these scales can be applied and frequently find a use in research
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into microscale applications, by underutilizing or fitting these methodologies to various
microscale aspects. Sometimes, this may lead to the treatment of microscale as a fuzzy
boundary between meso and nanoscale, rendering both approaches valid and invalid at
the same time without providing any clear distinction between them. For instance, the
case of the contact between asperities in tribological applications can be considered as
macro-, micro- or nanoscale, depending on the number of asperities that are in contact [8].
Nanoscale corresponds to single-asperity contact, while macroscale corresponds to contact
between millions of asperities. However, microscale is represented as contact between a
few asperities; thus, it is not accurately or quantitatively defined.

Design at the nanoscale follows the physics prevailing at the nanoscale level (i.e.,
hydrogen bonds, van der Waals forces, London forces, Pauli repulsions, etc.) along with the
manufacturing considerations for scale-specific methodologies (i.e., laser ablation [9,10],
electrochemical machining [11–13], photo-etching [14], chemical vapor decomposition [15]
or physical vapor decomposition [16]) either for material removal (machining) or for
material addition (additive manufacturing—AM). Macroscale design follows the laws of
physics prevailing at the macroscale (i.e., classical continuum mechanics, flow dynamics,
the isotropy of material properties, etc.) and conventional manufacturing methods, which
are validated for the forming of small-scale structures (micromachining [17]) or the control
of the texture (surface roughness) using superfinishing, lapping, etc.

Therefore, it is considered that the clear and concrete definition of microscale from a
perspective that includes the analysis and simulation tools and the manufacturing methods,
is a necessary step before proceeding to the design problem. The same applies to Additive
Manufacturing (AM) which was originally used for the manufacturing of components
in applications on a macro scale but, in recent years, this expanded to micro- and even
nanoscale, either by creating new AM manufacturing processes or by adjusting the existing
processes to fit smaller scales. Therefore, the tools and methodologies originally developed
for macro-scale manufacturing were usually implemented, with adjuncts, to study and
evaluate smaller scales. Moreover, AM, as a relatively new fabrication method that is
completely different from the traditional subtractive manufacturing methods, poses a
challenge in creating a design methodology fitted to its unique capabilities and strict
limitations, to fully exploit its potential and revolutionize the manufacturing industry.

Today, the benefits of AM are well-established: design freedom, partial consolidation,
no tooling being necessary, just-in-time inventory, faster production, easy accessibility,
cost-effectiveness, tangible and creative designs, unlimited shapes and geometry, a variety
of raw materials, less waste production, risk reduction, and others [18]. AM or three-
dimensional printing (3DP) was developed in the 1980s as a rapid prototyping method
and is now considered to be a manufacturing process in the same genre as conventional
manufacturing processes. AM has generated an impact in all industry areas, including
aerospace [19,20], automobile manufacture [21], construction [22], and medical and military
applications [23]. It offers flexibility in the product design process and a considerable reduc-
tion in material consumption, as well as making product personalization affordable [24].
ASTM International categorizes AM processes into 7 groups [25]: i.e., material extrusion
(e.g., fused deposition modeling—FDM), powder bed fusion, vat photopolymerization
(stereolithography—SLA), material jetting (e.g., PolyJet), sheet lamination, directed en-
ergy deposition, and binder jetting, each typified by the principle according to which the
resulting matter is formed.

Although AM techniques have progressed greatly at the macro-scale, many challenges
remain to be addressed, mainly at micro- and lower scales. AM fabrication at these scales
is associated with certain constraints, such as feature size limitations, the expansion of the
range of materials used in order to include alternative ones (i.e., non-metallics, ceramics,
composites, etc.), the improvement of surface quality and the minimization of porosity,
as well as other geometrical defects. The rapid evolution of the current AM fabrication
technologies, in addition to those newly introduced, does not give enough time for the
introduction of a design methodology that addresses all the aforementioned limitations.
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Therefore, AM design methodologies need to involve and continuously adjust, based on
the rapid evolution of AM technologies and processes.

This paper reviews the existing AM processes, their underlying techniques, commer-
cial systems, and the materials used in AM fabrication at the microscale, together with
applications in the production of microscale actuators, soft robotics, as well as biomedical
and microfluidic devices. The primary concern is the presentation of design aspects de-
scribing the comparative advantages and AM limitations at the microscale, as well as the
selection of processes and materials. The goal of this paper is to introduce the main design
aspects of microscale AM, as described in the literature over the last five to ten years, and
adumbrate a design methodology that is better fitted for microscale AM.

2. Technologies and Materials for AM at the Microscale

Additive manufacturing is a relatively new manufacturing method with increased pop-
ularity, aiming to expand the manufacturing capabilities of functional components. Among
other applications, AM is used for the fabrication of products at micro- and nanoscale,
with various degrees of geometrical and functional complexity and ever-increasing market
infiltration into these areas. ISO/ASTM 52910-17 [25] is a standard that tries to set some
guidelines regarding common industry practices in the field of AM at macro/meso scale;
its extension to micro- or nanoscale is both an opportunity and a challenge. Although
micro- and nanoscale AM is a relatively new field of application, macro-scale technologies
are still of use to fabricate complex parts at these smaller scales. Many researchers, such
as Vaezi et al., Paul et al., Behera et al., and Chizari et al. [26–30] proposed different clas-
sification categories for the application of these technologies at such scales, based on the
production equipment used, the materials, the dimensions and the required tolerances of
critical features, as well as other product attributes (i.e., intended use, texture, color, and
strength). The most popular classification takes into consideration well-established macro-
AM technologies, including 2D ink printing and other technologies fitted to the micro-
and nanoscales. These can be divided into three main groups: macro or scalable additive
manufacturing, 2D ink writing, or 3D direct writing processes, as well as hybrid ones.

2.1. Macro-AM Processes Fitted to Microscale Fabrication

The first group consists of traditional macro-AM processes fitted to micro- and
nanoscale fabrication. Among them are the technologies widely used for macro-AM,
such as Stereolithography, Selective Laser Sintering (SLS), Fused Deposition Modeling
(FDM), Laminated Object Manufacturing (LOM), and inkjet printing processes. These
scalable processes are adapted to microscale fabrication (micro-stereolithography or MSL,
micro-laser sintering or MLS) but still face many difficulties and limitations. Modern micro-
stereolithography (µ-SLA) pushes the resolution limits down to the sub-100 µm range
with precision optics. The most common materials used are SL resins, hydrogels, biocom-
patible materials, and bioactive agents for a variety of bio-functional, implantable tissue-
engineering applications, including nerve regeneration and guided angiogenesis [31–36].
Two-photon photopolymerization/lithography (TPL) is a photopolymerization-based tech-
nique that is primarily applied for the printing of polymer materials. Other materials are
biocompatible and organic, mixing additives into the resist blend to generate composite
structures, such as electrically conductive polymer microstructures loaded with carbon nan-
otubes [37–44]. Micro-SLS uses a laser to sinter small particles, consolidating powders in a
layer-by-layer manner. The commercially available materials used in SLS come in powder
form and include, but are not limited to, polymers such as polyamides (PA), polystyrenes
(PS), thermoplastic elastomers (TPE), and polyaryletherketones (PAEK) [45–47]. Laminated
object manufacturing is older and is slightly different from the known technologies and
processes. LOM technology is based on the layer-by-layer fabrication of parts using sheets
of various materials. Each sheet is cut into the desired geometry and used as a layer on
top of the previous materials. The use of a binding substance ensures adhesion and creates
the final functional component. Ceramics and metals, such as 316 L stainless steel, are
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among the most popular materials for LOM. Fused deposition modeling (FDM) is the most
widely known and used AM process in macroscale fabrication. Nevertheless, it is fitted
into producing components at the microscale as well. New developments help adapt to
microscale needs and overcome limitations in terms of shape, resolution, and material
usage. Polymers, metals, composites, and even biomaterials for tissue engineering are
some of the most popular FDM materials.

2.2. Two-Dimensional Ink Writing Technologies

The second group of AM processes is based on 2D Ink writing technologies. These
processes, traditionally used in the past for ink writing, are fitted for the fabrication of 3D
microstructures. One of the most popular 2D-based methods is chemical vapor deposition
(CVD). CVD creates a coating induced by a chemical reaction at the surface of a heated
material. Laser chemical vapor deposition (LCVD) is a modified CVD process for the
deposition of thin films. The two main categories of LCVD are photolytic LCVD and
pyrolytic LCVD. In the first subcategory, the energy of the focused laser beam is absorbed
by reagent gases, leading to the decomposition of gas molecules and the formation of a
thin solid film on the substrate. In the second subcategory, the laser beam is focused on the
locations to be deposited. This way, the temperature locally increases on the substrate until
it reaches the threshold required. This leads to the deposition of a thin solid film on the
substrate. Any material electroplated with nickel/chrome or stainless steel best supports
PVD coatings. The most common chrome-plated materials are brass, zinc, steel, aluminum,
and ABS plastic. Focused ion-beam direct writing (FIBDW) is another multi-material AM
method that can use metallic, ceramic, and polymer inks for the fabrication of microscale
structures. All inks must have specific rheological properties in order to be able to flow
continuously through the printing nozzle and form a continuous filament, similar to that
in FDM printing. This flow must be continuous, consistent, and able to create a discrete
shape and form of layer [27,48–50]. Laser-induced forward transfer (LIFT) has been used
to deposit a variety of materials, such as metals (Cu, Ag, Au, Pt, Cr, Al), semiconducting
materials such as Ge and Se, oxide layers, nanocomposites, conductive polymers (PEDOT-
PSS), biomaterials, and superconductors, among others. Donor materials with viscosities
ranging from 10 to 100,000 cP have been printed with LIFT [51–61]. Another popular
process, electrohydrodynamic (EHD) printing is a spray-based printing process that can
pattern functional materials. EHD printing has been used to deposit metallic, carbon-based,
ceramic, and polymer-based conductive materials, semiconducting nanoparticles (quantum
dots), biomaterials, and molten metals on a wide range of substrates [62–71].

2.3. Hybrid Processes

The last category consists of methods combining additive and subtractive processes
for micro-3D fabrication. Some typical methods are shape deposition modeling (SDM)
and electrochemical fabrication (EFAB). SDM processes utilize additive and subtractive
processes sequentially to produce 3D structures, but their use in micro-AM is limited. The
EFAB process is based on the multilayer electrodeposition and planarization of at least
two metals: one structural material and one sacrificial material. This process is capable of
manufacturing microdevices with features as small as 20 µm and tolerances of ±2 µm. It is
a popular method of manufacturing complex mechanisms without the need for assembly,
which is favorable for medical devices. Common materials are Val-loy-120 (Ni–Co alloy),
Edura-180 (electroplated Rh), and palladium [72].

From the above categorization, which is explored in more detail by the authors of [26],
it can be deduced that the field of micro- and nano-AM both borrows existing practices from
the mesoscale, expanding them into smaller sizes, and is based on either existing or new
dedicated techniques at the micro- and nanoscales. The ability to control the geometry and
tolerances at such a small scale is clearly one of the major issues, which, however, is at odds
with the productivity of the more accurate yet slower dedicated techniques. Furthermore,
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the suitability of the proposed techniques for the desired material, size, accuracy, and
productivity must be thoroughly assessed before the selection of the appropriate method.

3. AM Applications at the Microscale

Microscale AM processes have been employed in many technological fields for the
fabrication of miniature devices. This paper addresses mainly recently published articles in
the field of the design of microscale actuators and biomedical and microfluidic devices.

3.1. Actuator Applications

In the field of micro and miniature actuators, microscale AM is indicated as a promising
fabrication solution, and it promotes the production of micromachines with complex
geometry using monolithic approaches, which would otherwise require a combination
of advanced micro-subtractive manufacturing methods and, usually, assemblies with
a large number of components. Recent review papers present and discuss the use of
AM processes in the design and fabrication of microelectromechanical systems (MEMS)
actuators, biohybrid actuators, and piezoelectric systems as relevant applications. In [73,74],
the authors investigated the recent developments and achievements regarding the most
widely used 3D printing technologies for MEMS fabrication and discussed their challenges
and potential. Several papers [75,76] presented recent advancements in the field of small-
scale soft robotics and actuators using AM, while other researchers [77,78] examined the
application of 3D printing for the fabrication of piezoelectric actuators; finally, the authors
of [79,80] discussed an approach regarding the fabrication of biohybrid actuators using AM.

The fabrication of micro-grippers is an indicative example revealing the importance
of micro–AM. Accurate tip displacements, which are as small as 20 µm, are necessary for
handling and pick-and-place, and the sterile handling of sensitive parts, which is a common
procedure in the biology and health sector environments. The actuation principle may
be piezoelectric, magnetic, or electrothermal. Shao et al. fabricated magnetically active
3D microstructures using a high-resolution micro-continuous liquid interface production
process (µCLIP), combining 3D-printed centimeter-sized samples with sub-75 µm fine
features [81]. The magnetic photopolymerizable resin that was used maintains high solid
loading (30 wt % Fe3O4 nanoparticles), improves the surface properties by reducing the
stair-like surface roughness, and accelerates the fabrication process. In another study [82],
the authors used the same method (µCLIP) to fabricate a 3D printed magnetically driven
triple-finger micro-gripper (Figure 1C), and tested its efficiency using a 300 µm diameter
microsphere, both in air and in deionized water. The printing process involved the soaking
of the part in acetone to remove the residual liquid resin (2 min), then its transfer into
ethanol and ultrasonic cleaner (5 min), and finally, after drying (30 min), the specimens
were post-cured in UV light of a 405 nm wavelength (10 min). Daniel et al. [83] fabricated a
chevron-type electrothermal actuator, using the material extrusion-based manufacturing
of a shape memory polymer composite. Using a resistivity of 1.8 Ωcm and an operational
voltage as low as 3 V, they accomplished 100 µm tip displacement, which was computa-
tionally and experimentally investigated. Their main computational finding was that the
grippers can be actuated quickly (3–5 s) with voltages as low as 5 V, but they recover slowly
(60–100 s). Experimentally, higher voltages were required for actuation; a tip displacement
of up to 77–117 µm was achieved in 5 s with an operational voltage of 17.5–19.5 V. In [84],
Tyagi et al. used a custom-built syringe-based extrusion 3D printer to fabricate bilayer
micro-actuators, driven by hydrogels, down to a size of 300 × (1000 ÷ 5000) µm2, with
a minimum thickness of 30 µm. The printing resolution was 25 µm in the x-y plane; the
rate of the lateral motion of the stage was ~2.5 mm/s and the air-dispensing pressure
was 50–65 psi. The printing ink consisted of dissolved Hydromend D4 (hydrogel) in
ethanol at a concentration of 20%. Lantada et al. [85] presented the development process
of geometrically complex micro-vascular shape-memory polymer actuators by laser SLA,
using a shape-memory epoxy that could change its shape as an effect of temperature in-
crease. They presented two proof-of-concept applications: an active micro-claw with inner
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vasculatures of different cross-sections and an active spring with inner vasculatures of
different cross-sections. In order to assess the effect of temperature on the closing of the
gripper and the compression of the spring, they heated the prototypes with water flow
(80 °C) running through the micro-vasculatures. In [86], Kozaki et al. presented the design
of a microgripper for handling spheroid microstructures, mounted on a glass capillary
(Figure 1A). They used a top-down micro-stereolithography setup, based on a 405-nm blue
laser developed in their previous study [87]. The photo-curable polymer used is a mixture
of acrylate resin and a photopolymerization initiator, polymerization inhibitor, and blue
light absorber (wavelength 405 nm). The mixture was mixed, degassed (2000 rpm and 5 min
for each mode), and stirred for 24 h at 60 rpm in a ball mill. The nominal diameter of the
micro-gripper tip was 300 µm, while the effective force could reach values of between 0.01
and 0.04 N and the tip displacement varied between 20 and 80 µm, respectively. Alblalaihid
et al. [88] demonstrated the application of a sputter-coating process for the deposition of
metallic layers on polymer components and validated their approach for the fabrication
of a micro-gripper device (Figure 1C). They used a 3D projection micro-stereolithography
(PMSL) system. The gripper was thermally actuated and the tip displacement, in this case,
was in the range of 10–180 µm, depending on the applied potential.
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Figure 1. Examples of fabricated micro-grippers: (A) Micro-gripper for handling microstructure
spheroids, mounted on a glass capillary. Reprinted with permission from Ref. [86]. Copyright
2020 MDPI. (B) Fabrication of a thermally actuated micro-gripper using a sputter-coating process
for the deposition of metallic layers on polymer parts. Reprinted with permission from Ref. [88].
Copyright 2017 IOP Publishing. (C) Magnetically actuating micro-gripper for operation in air and
water. Reprinted with permission from Ref. [82]. Copyright 2021 Elsevier.
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3.2. Soft Robotics Applications

Besides micro-grippers, which, in most cases, maintain a rigid-type behavior during
their operation, flexible actuators or soft robotics yield another application of microscale
AM. Almeida et al. [89] designed an actuation mechanism for robotic micro-tweezers, based
on a 3D-printed nylon flexure and a piezo-bimorph actuator, targeting the desired manipu-
lation range from 100 µm to 1 mm. Bas et al. [90] designed miniature inflatable bending
actuators, consisting of ultra-fine fibers (diameter of between 1 and 50 µm) and a soft
elastomer matrix able to exhibit diverse movements. They used melt electro-writing (MEW)
technology to create the prototypes (Figure 2B). Their actuators, with a length of 10–15 mm
and an inner diameter of 1 mm, can reach their full range of motion within ~20 ms without
exploiting snapping instabilities or material non-linearities. Joyee and Pan [91] fabricated a
fully 3D-printed multi-material, multi-modal functional soft monolithic robot, composed of
polymer and magnetic particle-polymer composites. The fabrication process was magnetic
field-assisted projection stereolithography (M-PSL), capable of fabricating smart particle-
polymer composites layer by layer. A photocurable flexible resin was used as the base
material for 3D printing, while the magnetic nanoparticles (10 nm in nominal diameter)
contained 60–80 wt % iron oxide. The maximum bending deformation was 5.2 mm on the
z-axis and the maximum deflection in the xy plane was 146◦. Schaffner et al. [92] reported
a 3D-printing platform for the seamless digital fabrication of pneumatic silicone actuators,
exhibiting programmable bioinspired architectures and motions with spatial resolutions
in the range of 300 µm. They used viscoelastic silicone inks, resulting in elastomers with
variable stiffness after polymerization. Sinatra et al. [93] introduced a novel fabrication
strategy for nanofiber-reinforced soft micro-actuators with 30 µm feature sizes. The design
and manufacturing of composite polydimethylsiloxane (PDMS)/nanofiber actuators using
soft lithography and rotary jet spinning are described. Among the examined parameters
were the lamina design and fiber orientation on the actuator curvature, mechanical proper-
ties, and pressurization range. Composite actuators displayed a 25.8% higher maximum
pressure than pure PDMS devices. Furthermore, the best nanofiber-reinforced laminates
tested were 2.3 times tougher than the control PDMS material, while maintaining compa-
rable elongation. Xavier et al. [94] presented the design and direct 3D printing of novel
omnidirectional soft pneumatic actuators using SLA (Figure 2A). They used an elastic
resin and FDM with a soft thermoplastic polyurethane (TPU), achieving multimodal ac-
tuation including bending, extension, and contraction motions under positive, negative,
or differential pressures. The printing time for a single actuator using the SLA method
was 6 h and 40 min while the printing time using the FDM method was approximately
29 h and 20 min. In [95], Zhang et al. presented a generic process flow for the systematic
and efficient tailoring of the material formulation and key processing parameters for the
digital light processing-based 3D printing of miniature pneumatic actuators for soft robots.
They printed various miniature pneumatic robots with an overall size of 2–15 mm and
a feature size of 150–350 µm. They used a commercially available UV-curable elastomer,
to which was added 30 wt % epoxy aliphatic acrylate (EAA), leading to a reduction in
Young’s modulus and an increase in failure strain. All the specimens were post-cured for
10 min. Ge et al. [96] presented the design of a bottom-up digital light processing (DLP)
3D printer system (385 nm UV light source, 50 µm normal resolution) and the fabrication
of multiple-size soft pneumatic actuators integrally, with fast speed and high precision.
Their experiments demonstrated that the printer could print objects with features as small
as 87.5 µm. They also presented the design and fabrication of a soft pneumatic gripper
containing three micro pneumatic actuators with 0.4-mm-wide square air channels, as well
as 0.2-mm-thick chamber walls.
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Figure 2. Examples of fabricated soft robotics: (A) Omnidirectional soft pneumatic actuator.
Reprinted with permission from Ref. [84]. Copyright 2020 IOP Publishing. (B) Examples of soft
actuators with programmed motion modes, fabricated from soft silicones. Reprinted with permission
from Ref. [92]. Copyright 2018 Nature Communications, (C) Operation of the fabricated soft pneu-
matic gripper: the debris removal process within a confined space. Reprinted with permission from
Ref. [95]. Copyright 2019 Wiley Online Library.

3.3. Biomedical and Microfluidics Applications

Microscale AM has been efficiently used in biomedical engineering, including many
microfluidic applications, which can also be treated as a separate category. The methods,
potential, challenges, and limitations of microscale AM in biomedical engineering have
been reported in recent review studies. The applications of 3D printing in the health and
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pharmaceutical sectors have been thoroughly investigated over the last few years and can be
tracked in the following review papers [97–99]. According to the authors of [99], the appli-
cations can be divided into the following categories: 3D disease modeling, pharmaceutical
products, organ printing, and patient-specific in situ implants. Other possible applications
include drug-delivery devices [100–102], the fabrication of microneedles [103,104], microflu-
idic devices and biomedical micro-devices [105,106], and the fabrication of tissues [107,108].

Drug delivery applications incorporate design solutions characterized by microscale
features where AM has been successfully incorporated. In [109], Joyee and Pan proposed
the design of a 3D-printed soft robot capable of multimodal locomotion. Utilizing computer
aided design and computer aided engineering (CAD-CAE) tools for the design, they
printed the robot via a novel magnetic field-assisted projection stereolithography (M-PSL)
technique (Figure 3A). This soft robot is capable of bi-directional bending in the xy plane and
z-direction and consists of anterior and posterior legs that contain a drug. The maximum
dimensions of the robot in width and height is 5 mm × 5.5 mm, while the drug is released
from a 200 µm hole.

In the field of microfluidics, Coltelli et al. [110] combined microfluidics, AM, and
electrostatic actuation to design artificial muscles capable of generating up to 33 Mpa
stress and 10–20% strain. Their design consists of arrays of rectangular cavities arranged
accordingly, filled with conducting material inside a bulk dielectric volume. They suggest
that the microfluidic devices are AM-fabricated in such a way that the channels would form
wiring when filled with conducting fluid, while the bulk core would serve as the dielectric
and as the force-transfer medium. The non-flexed lateral size of the electrode plates was
kept at 400 µm × 400 µm. The non-flexed plate thickness was kept at 100 µm for each plate
and the non-flexed separation between paired plates within the same micro-capacitor was
kept at 100 µm. The accuracy of the SLS printing was kept at 100 µm. In [111], the authors
illustrated the direct fabrication of a 3D complex microchannel design using AM, for the
continuous mixing of micro/nano-particles with biomolecules. The fabrication process was
conducted using the DLP method. After the 3D printing stage, the part was removed and
washed with IPA (70% ethanol and water), blow-dried with pressurized air, and, finally,
cured under UV light for 120 s. The cross-section of the trapezoidal channel had a width
of 600 µm and heights of 80 and 130 µm. Another example of a design of microfluidic
MEMS was presented in [112], where the authors proposed a micro-extrusion 3D printing
system that contained integrated pick-and-place functionality. The case study was the
fabrication of microfluidic-based 3D MEMS (three-dimensional microelectromechanical
systems) that contain orthogonal out-of-plane piezoelectric sensors and actuators, using
additive manufacturing.

Miniature pumps are very critical components in the health sector. In [113], Thomas
et al. fabricated a 3D-printed electromagnetically actuated microfluidic pump, capable of
generating a 2.2 µL/min flow rate of biofluid (Figure 3B). An FDM process with 100 µm-
layer resolution was used to deposit polylactic acid on a plastic filament. Taylor et al. [114]
fabricated a multi-material miniature diaphragm pump for the creation and maintenance of
a low vacuum from atmospheric conditions, using PolyJet printing. The output surface was
assessed in terms of roughness, giving values of Ra in the order of some microns (~2–3 µm),
while the Rz values were close to layer thickness (~16–18 µm), which was considered
acceptable. The stroke of the pump was 2.5 µm. In [115], a low-cost (~$120), open-source
peristaltic pump was constructed with a combination of 3D-printed parts and common
hardware. The pump was capable of producing flow rates of up to 1.6 mL min−1.

In the field of microneedles (MNs), Economidou et al. [116] fabricated a hollow MN
MEMS system for controlled transdermal drug delivery. They fabricated hollow cone-
shaped MNs with a base diameter of 1000 µm, a tip diameter of 100 µm, and a height
of 1000 µm using SLA and, afterward, integrated the MNs onto the MEMS. The hollow
cones featured a wall thickness of 100 µm and the internal bores had a diameter of 800 µm
at the cone base. The MNs were fabricated using an SLA 3D printer, followed by curing
for 60 min under 40 °C UV radiation. The authors observed smooth surfaces on the MNs
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(no “stair-stepping” effect), as an outcome of the printing method they selected. In [117],
the authors provided the capabilities of FDM low-budget printers (using PLA printing
material) to print the non-transparent and closed internal microfeatures of in-plane linear,
curved, and spiral microchannels with a diameter of less than 0.5 mm (i.e., linear, curved,
and spiral channel profiles) and varying cross-sections. The surface roughness of each
microchannel configuration was measured and was found to be in the order of some
microns (~0.5–3 µm). In addition, each configuration was tested in terms of leakage flow.
Caudill et al. [118] designed and printed microneedle arrays utilizing a three-dimensional
(3D)-printing technique called continuous liquid interface production (CLIP). Besides
pyramidal MNs, the design involved faceted MNs with horizontal grooves, leading to an
increase in surface area and, thus, better vaccination properties. The MNs were 700 µm
in height and 500 µm in width and were printed in a 10 × 10 array on a 10 mm × 10 mm
patch for vaccine delivery. Chen et al. [119] proposed a novel 3D AM method, known as
magnetorheological drawing lithography (MRDL), to efficiently fabricate bio-inspired MNs
imitating the honeybee’s stinger. With the assistance of an external magnetic field, a parent
MN (20 µm tip width) was directly drawn on the pillar tip, and tilted micro barbs (5 µm
tip width) were subsequently formed on the four sides of the parent MN. The fabrication
process of the parent MN was conducted by means of insertion and, afterward, the removal
of a copper pillar inside a pool filled with curable magneto-rheological fluid (CMRF) under
an external magnetic field. Micro barbs were formed later, on the curved surface of the
parent MN. Compared with a barbless microneedle, the micro-structured barbs enabled
the bio-inspired microneedle to be easily inserted into the skin, with difficult removal.
In [120], the authors used a commercially available stereolithographic 3D printing, which
was assessed regarding its microscale fabrication properties, in order to fabricate sharp
MNs (12 × 12 array, in total, 144; 30 min per patch) with a tip radius of approximately
15 µm. In another study [121], a microneedle mold fabrication technique using a low-cost
desktop SLA 3D printer was presented, and the fabrication of needles with high-aspect
ratios and tip radii of 20–40 µm took place.

Examples of different biomedical devices produced via AM are presented in Figure 3.
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Figure 3. Examples of biomedical devices: drug delivery applications, microchannels, and micronee-
dles: (A) Presentation of the operation of the multi-material soft robot. Movement of the actuator
inside an anatomical stomach model with cancer tissue (target) and release of the drug at the targeted
tumor location. Reprinted with permission from Ref. [109]. Copyright 2020 Elsevier. (B) Electromag-
netically actuated microfluidic pump. Reprinted with permission from Ref. [113]. Copyright 2016
Elsevier. (C) Fabricated hydrophilic channels and hydrophobic chambers. Reprinted with permission
from Ref. [122]. Copyright 2016 MDPI. (D) 3D printer head for additive manufacturing of sugar
glass for tissue engineering applications. Reprinted with permission from Ref. [123]. Copyright
2017 Elsevier. (E) The design of microchannels for mixing: concentration distribution, streamlined
simulations, and fabricated micromixer. Reprinted with permission from Ref. [111]. Copyright
2020 Elsevier. (F) CAD images of the microneedle designs and respective cross-sections, along with
SEM images. Reprinted with permission from Ref. [116]. Copyright 2021 Elsevier. (G) Design and
environmental scanning electron microscope (ESEM) images of printed microneedles, pyramidal, and
faceted designs. Reprinted with permission from Ref. [118]. Copyright 2021 National Academy of
Science (H) Micro barb features of printed microneedles with SEM images. Reprinted with permission
from Ref. [119]. Copyright 2018 American Chemical Society.
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4. Design Considerations

Additive manufacturing allows the production of parts with almost no geometry
restrictions, even at a microscale. This manufacturing method can produce freeform,
topology-optimized geometries (structures, arrays, patterns, small assemblies, micro-
machines, etc.), controlling the micro-structure of the component’s material, and imple-
menting the use of lattice structures, trusses, and multi-material fabrication. This way the
engineer is able to “design” the structure of the material in macro- and even microscale,
controlling the material properties based on the functionality of the component.

One may consider that the design for AM at the microscale deviates from the de-
sign protocols and approaches at the macroscale. From a general perspective, design at
the macroscale is based on the principle of integrating parts into assemblies, while the
interconnection or mating is achieved via the use of fundamental machine elements and
machine-design methods, such as screws, tight fits, weldments, etc. Therefore, the function-
ality and the operational precision of a complex assembly are limited by the number and the
attributes of the elements comprising it, since the rule of thumb is that as the number of the
parts increases, precision drops. AM can be seen as an approach for creating more complex
forms of parts-like assemblies, which is critical for applications at the microscale since
many of the available micromachining techniques are mere extensions of their macroscale
equivalents. This might attract questions and ambiguity regarding the appropriateness of
the physics and the operational principle of the method due to the scale aspect; nevertheless,
the alternative approach of fabricating micro machines with increased functionality and
fewer but more complex parts is intriguing. For instance, multiple degrees of freedom in
robotic arms can be achieved via the use of joints that are translated into several compo-
nents (motors, bearings, screws, etc.) but in small-scale soft robotics, a single monolithic
part made of soft material is able to derive controllable motions. Thus, AM is an alternative
approach to designing at microscale, with an entirely different basis.

In Figure 4, joints in the macro- and microscales are presented. Specifically, Figure 4a
shows the testing of a wire-driven continuum robot arm [124], while Figure 4b experiments
with bending deformation due to the applied pressure of an omnidirectional soft pneumatic
actuator [94].
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Ref [94]. Copyrights 2021 Elsevier.

In order to fully utilize the capabilities of AM and reduce design and fabrication defects,
it is critical to quantify each process’s parameters, limitations, and repeatability. For this
purpose, numerous analytical methods were developed, along with many computational
tools. Despite these methods and tools, experimental evaluation remains crucial for the
optimization of AM processes.

4.1. Comparative Advantages and AM Limitations

AM enables the fabrication of complex, freeform, and smart structures [125]. Among
their other unique capabilities, the use of lattice structures for the topology optimization of
structures, and the design of lightweight components is possible. Nature-inspired design for
the mimetics of complex nature layouts is also feasible via AM. The aim of these approaches
is usually to yield controllable mechanical properties that can be tuned according to the
requirements of the application. Lightweight structures, energy absorption, the fabrication
of nature-inspired micro-patterns, and modeling and simulation techniques are important
state-of-the-art aspects in the field of cellular micro-lattice architectures. Moreover, AM
enables the control of the microstructure of the material, allowing the design of desired
component properties [126]. In this way, AM could be used for the on-demand production
of metamaterials. Metamaterials are ordered composites that have material properties not
usually found in nature. The use of auxetic and custom infill patterns that are directly
optimized to transfer energy absorption properties or dumping capabilities to AM com-
ponents leads to unique smart materials and highly efficient components. Multi-material
fabrication poses new challenges in the design and fabrication of smart components [26].
Recent advancements in the field of design, modeling and simulation, fabrication, and
testing of lattice structures can be found in the following review papers [127–136]. De-
riving the effective properties of additively manufactured micro-lattice structures is an
important tool in the hands of designers for performing fast simulations at a low compu-
tational cost [126,137–139]. Souza et al. [139] derived a closed-form analytical solution of
lattice structures fabricated by selective laser melting, using beam models. Athanasiadis
et al. [140], in work based on fracture mechanics theory, investigated the potential of lattice
structures to replace adhesives in sandwich-type structures, using both analytical and FEA
calculations. Kenel et al. [141], using 3D ink extrusion, fabricated CoCrFeNi micro-lattices
with strut diameters as narrow as 100 µm, and tested their compression and tension proper-
ties at ambient and cryogenic temperatures. Boulvert et al. [142] tested the acoustic behavior
of 3D-printed micro-lattices in order to extract conclusions about the defects of FDM. The
size of their samples was in the order of 200 µm, and defects included the presence of
micro-grooves on the lattices’ surfaces in the order of 10 µm. Studies regarding the defects
of lattices were also conducted in [143–146]. In [147], McGregor et al. conducted a statistical
study in order to assess the geometric quality of 2D and 3D micro-lattice structures. At the
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same time, as lattice structures outstripped bulk cores in many technological applications,
the introduction of artificial, additively manufactured, textures come forward as an efficient
tool for the fabrication of surfaces. Additive texturing is a state-of-the-art approach for fab-
ricating surfaces with superior tribological, wetting, and wear characteristics [148]. In [149],
Wang et al. used the selective laser melting of ink-printed copper nanoparticles (SLM-IP
Cu NPs) in order to fabricate a friction-reduced surface for operating in mixed-lubrication
conditions (Figure 5A). The patterns investigated were concave and convex, squared and
fully sintered Cu film; the height of the features was 20 µm. Mekhie et al. [150] printed
metallic hierarchical micro-features (pillars, channels, etc.) using selective laser melting
(Figure 5B) for the wetting control, achieving hydrophobic surfaces with a contact angle
greater than 140◦.
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Consequently, AM is a rapidly evolving manufacturing process, with huge potential to
revolutionize the fabrication of functional components. Although it is considered a method
with unlimited capabilities, limitations do exist. These limitations take into consideration
CAD digitization, process parameter optimization and the effect on material properties,
the current capabilities of AM technologies, and the lifecycle of AM components, as well as
metrology and quality control challenges [151].

Among the most popular technologies, such as SLS, stereolithography, and FDM, the
need to expand the materials used for microscale AM is a major challenge. The adaptation
of non-metallic materials, such as ceramics, polyamides, and composite powder-enriched
resins, is necessary for the improvement of component functionality, as well as the expan-
sion of the applications for which AM is used [26]. Another important limitation for most of
the aforementioned processes is the fabrication of hollow, closed structures as it is difficult
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to remove excess material without invasive post-processing. Dimensional and geometrical
deviations, linked with thermal history, heat-affected zones (HAZ), and material phase
changes, impose great restrictions on AM processes when it comes to functional component
fabrication. LOM, for example, is known to undergo severe shrinkage by as much as 18%
in some cases. Especially in sintering, the feature size of the component is limited either by
the particle-size limitations of the powders used or the technology’s laser focus [152,153].
Moreover, increased surface roughness is also connected with powder size and HAZ during
fabrication, further restricting the quality of AM components [154,155]. One of the most fre-
quent defects in sintering processes, leading to poor mechanical properties and a decreased
life cycle, is porosity. Being affected by both environmental and process parameters, along
with thermal and oxidation effects, porosity is one of the most important constraints for
both macro- and microscale AM [26,46].

When it comes to stereolithography, minimum layer thickness, as well as improved
surface roughness, are challenging. Both are limited by the physical properties of the
resins used. Surface tension and the viscosity of the resin are the limiting factors for layer
thickness, and also affect the surface quality and post-processing needed to clean up the
final component by removing all excess resin.

4.2. Selection of Processes and Materials

As previously described, AM consists of many different technologies (processes),
each of them with unique capabilities and limitations. Every different technology uses
specific materials or groups of materials. Thus, a critical point of the design process is
the selection of a particular AM technology to utilize its advantages and obtain the best
manufacturing quality, as well as achieve the optimal material based on the functionality
of the fabricated component. For example, micro-stereolithography is a high-resolution
method that uses photocurable resins capable of producing complicated components in
large manufacturing volumes. Moreover, materials such as ceramics, metals (WC, Co,
Al, Cu), and hydrogels can be used [156–159]. Micro-laser sintering is a powder-based
method with a wide variety of materials, isotropic properties, and without the need for
support structure during component fabrication. Among the most popular materials of
MLS are 316 L stainless steel and a variety of metals. However, the technique requires
post-processing and the components may suffer from porosity [160]. FDM is one of the
most popular macroscale technologies that can also fabricate components in microscale.
Besides thermoplastics, which are widely used, biomaterials are also available, making it
possible to create medical and biological parts. Nevertheless, it is limited to low fabrication
volumes, with high temperatures and poor repeatability [158,161]. Laminated object
manufacturing (LOM), one of the oldest AM processes, uses metals such as 316 L stainless
steel, zirconia, and ceramics for the fabrication of fully dense and high-mechanical-strength
components. Its resolution, however, is limited to 80 µm; it lacks dimensional accuracy
due to high shrinkage (12–18%), and the post-processing of parts is required [161,162].
The popular, 2D-based, Inkjet printing process uses a wide variety of materials and many
biomaterials, making it ideal for biomedical applications and with fair repeatability, but the
need for support is essential [26]. The other 2D-based method, FIBDW, uses mostly metals
for the fabrication of high-resolution components but remains a slow method with poor
repeatability [162,163]. Finally, one of the most widely used AM methods for micro-part
fabrication, EFAB, is suitable for the high-resolution manufacturing of complex parts and
assemblies, such as medical devices. Nevertheless, it has dimensional limitations and
post-processing is necessary and sometimes even difficult [72,164,165].

4.3. Design Considerations

As discussed thoroughly in the previous paragraphs, AM, despite being a revolu-
tionizing fabrication method with unique capabilities, still has limitations and restrictions
when it comes to functional component manufacturing. The proposed actions during the
process of design for AM are presented in Figure 6.
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The designer, on the one hand, needs to exploit all the comparative advantages of
AM methods, such as freeform fabrication, the use of lattices and trusses, the ability to
control the microstructure, and the use of metamaterials with advanced properties. On
the other hand, the designer has to consider the limitations and weaknesses of each fab-
rication method. Therefore, the design process begins with the conceptual design of the
component, based on functional and geometrical criteria. Then, the designer must select
the most suitable AM method by taking into consideration the material, process limitations,
and fabrication possibilities. After the material and process are selected, an optimization
procedure is carried out, in order to minimize defects and increase repeatability and pro-
ductivity. This optimization procedure involves coupled stress-thermal analysis to exploit
the effects of the AM process on the final material properties (residual thermal stresses,
density, material anisotropy, strength, fatigue life, etc.). Based on the large number of differ-
ent fabrication methods and the limited computational tools that can accurately predict
stress-thermal behavior during fabrication, many experimental methods are also popu-
lar for the optimization and evaluation procedures. Last, but not least, the optimization
procedure also includes another critical aspect, the process parameter selection. Recent
advances in the technology of AM and software development dedicated to AM fabrication
allow the control of a variety of critical parameters for AM fabrication. This software uses
dedicated algorithms that propose an optimized set of parameters and allow the user to
manually intervene and control them. Finally, in the same way as in traditional subtractive
manufacturing methods, metrological evaluation is necessary to ensure the quality of the
fabricated component. On the microscale, the use of conventional metrological equipment
is impossible. Therefore, other methods and procedures had to be created or adapted to
cover the gap. Some of them are presented in the next paragraph.

4.4. Metrological and Performance Validation of AM Structures at the Microscale

The experimental evaluation of components produced with AM is critical for the
optimization of the manufacturing process and the minimization of defects and deviations
from nominal geometry. The micro-detail (mD) measurement of complex parts remains
an open field of investigation. It is critical to experimentally establish the minimum
dimensional and geometric limits to produce parts with mDs. These limits are highly
dependent on the AM process, technology, and materials used [166,167].

One way of doing that is based on mathematical formulations, using voxelization (a
process where the geometry of the part is represented with volumetric unitary elements).
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The minimum feature size and obtainable tolerances of additive manufacturing processes
are linked to the smallest volumetric elements (voxels) that can be created. These models
can predict the behavior of the parts during fabrication. A test sample can then be used to
evaluate the dimensional variation [168,169].

Dimensional restrictions in the microscale make the use of conventional metrological
equipment impossible. One very popular alternative for the evaluation of AM components
in microscale is X-ray computed tomography (XCT). The use of XCT for testing and
analyzing AM components was established in the past few decades and is becoming
extremely popular for dimensional evaluation, as well as structural integrity, density, and
porosity analyses [170,171].

Another popular evaluation method is optical microscopy. This method can be non-
destructive for the examination of surface quality and external geometrical characteristics,
but it can also be used as a destructive method to obtain information about the internal
porosities of a component [172,173].

5. Conclusions

This article presents advancements in the field of additive manufacturing at the
microscale from a design perspective. The main ambition of this study is to highlight the
critical aspects of the design process by combining generalized results, mainly regarding
the effect of fabrication technologies and the use of materials. Even though microscale AM
technologies have been extensively discussed in other recent studies, here, we conclude that
the fabrication of microscale components using AM may be employed either by utilizing
existing meso- or macroscale techniques or by developing new, dedicated methods at the
micro- and nanoscales. Furthermore, this article collects recently presented applications
of microscale AM in the field of the fabrication of MEMs, actuators, and soft robotics, as
well as in the biomedical sector. The design process presented begins by considering the
comparative advantages and limitations of microscale AM. Its advantages include freeform
fabrication, the use of lattices and trusses, the ability to control the microstructure, and
the use of metamaterials with advanced properties. The limitations are mainly associated
with CAD digitization, the effects of fabrication process parameters on material properties,
which must be assessed, and the lifecycle of AM components, as well as the current lack of
metrology and quality control protocols. The design procedure proceeds with the selection
of appropriate materials and processes, analysis and optimization using CAE, and detailed
design, then concludes with fabrication and the post-evaluation.
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42. Malinauskas, M.; Žukauskas, A.; Bičkauskaitė, G.; Gadonas, R.; Juodkazis, S. Mechanisms of three-dimensional structuring of
photo-polymers by tightly focussed femtosecond laser pulses. Opt. Express 2010, 18, 10209. [CrossRef]

43. Maruo, S.; Nakamura, O.; Kawata, S. Three-dimensional microfabrication with two-photon-absorbed photopolymerization. Opt.
Lett. 1997, 22, 132. [CrossRef] [PubMed]

44. Sun, H.-B.; Kawata, S. Two-Photon Photopolymerization and 3D Lithographic Microfabrication. NMR 3D Anal. Photopolym. 2006,
169–273.

45. Uzan, N.E.; Ramati, S.; Shneck, R.; Frage, N.; Yeheskel, O. On the effect of shot-peening on fatigue resistance of AlSi10Mg
specimens fabricated by additive manufacturing using selective laser melting (AM-SLM). Addit. Manuf. 2018, 21, 458–464.
[CrossRef]

46. Hirt, L.; Reiser, A.; Spolenak, R.; Zambelli, T. Additive Manufacturing of Metal Structures at the Micrometer Scale. Adv. Mater.
2017, 29, 1604211. [CrossRef]

47. Godec, M.; Zaefferer, S.; Podgornik, B.; Šinko, M.; Tchernychova, E. Quantitative multiscale correlative microstructure analysis of
additive manufacturing of stainless steel 316L processed by selective laser melting. Mater. Charact. 2020, 160, 110074. [CrossRef]

48. Lewis, J.A. Direct Ink Writing of 3D Functional Materials. Adv. Funct. Mater. 2006, 16, 2193–2204. [CrossRef]
49. Ahn, B.Y.; Duoss, E.B.; Motala, M.J.; Guo, X.; Park, S.-I.; Xiong, Y.; Yoon, J.; Nuzzo, R.G.; Rogers, J.A.; Lewis, J.A. Omnidirectional

Printing of Flexible, Stretchable, and Spanning Silver Microelectrodes. Science 2009, 323, 1590–1593. [CrossRef]
50. Clendenning, S.B.; Aouba, S.; Rayat, M.S.; Grozea, D.; Sorge, J.B.; Brodersen, P.M.; Sodhi, R.N.S.; Lu, Z.-H.; Yip, C.M.; Freeman,

M.R.; et al. Direct Writing of Patterned Ceramics Using Electron-Beam Lithography and Metallopolymer Resists. Adv. Mater.
2004, 16, 215–219. [CrossRef]

51. Bohandy, J.; Kim, B.F.; Adrian, F.J. Metal deposition from a supported metal film using an excimer laser. J. Appl. Phys. 1986, 60,
1538–1539. [CrossRef]

52. Florian, C.; Caballero-Lucas, F.; Fernández-Pradas, J.M.; Ogier, S.; Winchester, L.; Karnakis, D.; Geremia, R.; Artigas, R.; Serra, P.
Printing of silver conductive lines through laser-induced forward transfer. Appl. Surf. Sci. 2016, 374, 265–270. [CrossRef]

53. Piqué, A.; Auyeung, R.C.Y.; Kim, H.; Charipar, N.A.; Mathews, S.A. Laser 3D micro-manufacturing. J. Phys. D Appl. Phys. 2016,
49, 223001. [CrossRef]

54. Kuznetsov, A.I.; Kiyan, R.; Chichkov, B.N. Laser fabrication of 2D and 3D metal nanoparticle structures and arrays. Opt. Express
2010, 18, 21198. [CrossRef] [PubMed]

55. Arnold, C.B.; Serra, P.; Piqué, A. Laser Direct-Write Techniques for Printing of Complex Materials. MRS Bull. 2007, 32, 23–31.
[CrossRef]

56. Papakonstantinou, P.; Vainos, N.; Fotakis, C. Microfabrication by UV femtosecond laser ablation of Pt, Cr and indium oxide thin
films. Appl. Surf. Sci. 1999, 151, 159–170. [CrossRef]

57. Zenou, M.; Sa’ar, A.; Kotler, Z. Digital laser printing of aluminum micro-structure on thermally sensitive substrates. J. Phys. D
Appl. Phys. 2015, 48, 205303. [CrossRef]

58. Mattle, T.; Shaw-Stewart, J.; Schneider, C.W.; Lippert, T.; Wokaun, A. Laser induced forward transfer aluminum layers: Process
investigation by time resolved imaging. Appl. Surf. Sci. 2012, 258, 9352–9354. [CrossRef]

59. Tóth, Z.; Szörényi, T. Pulsed laser processing of Ge/Se thin film structures. Appl. Phys. A Solids Surfaces 1991, 52, 273–279.
[CrossRef]

http://doi.org/10.1002/adma.201701240
http://www.ncbi.nlm.nih.gov/pubmed/28626968
http://doi.org/10.1038/srep31110
http://www.ncbi.nlm.nih.gov/pubmed/27499417
http://doi.org/10.1002/adma.201800001
http://doi.org/10.1038/s41598-018-26980-7
http://www.ncbi.nlm.nih.gov/pubmed/29904093
http://doi.org/10.1038/s41467-018-03071-9
http://doi.org/10.1364/OME.5.000456
http://doi.org/10.1002/adfm.201500683
http://doi.org/10.1364/OE.24.013687
http://doi.org/10.1021/acsami.7b12654
http://doi.org/10.1364/OE.18.010209
http://doi.org/10.1364/OL.22.000132
http://www.ncbi.nlm.nih.gov/pubmed/18183126
http://doi.org/10.1016/j.addma.2018.03.030
http://doi.org/10.1002/adma.201604211
http://doi.org/10.1016/j.matchar.2019.110074
http://doi.org/10.1002/adfm.200600434
http://doi.org/10.1126/science.1168375
http://doi.org/10.1002/adma.200305740
http://doi.org/10.1063/1.337287
http://doi.org/10.1016/j.apsusc.2015.11.248
http://doi.org/10.1088/0022-3727/49/22/223001
http://doi.org/10.1364/OE.18.021198
http://www.ncbi.nlm.nih.gov/pubmed/20941016
http://doi.org/10.1557/mrs2007.11
http://doi.org/10.1016/S0169-4332(99)00299-8
http://doi.org/10.1088/0022-3727/48/20/205303
http://doi.org/10.1016/j.apsusc.2011.08.113
http://doi.org/10.1007/BF00324591


Micromachines 2022, 13, 775 20 of 23

60. Thomas, B.; Alloncle, A.P.; Delaporte, P.; Sentis, M.; Sanaur, S.; Barret, M.; Collot, P. Experimental investigations of laser-induced
forward transfer process of organic thin films. Appl. Surf. Sci. 2007, 254, 1206–1210. [CrossRef]

61. Fogarassy, E.; Fuchs, C.; de Unamuno, S.; Perriere, J.; Kerherve, F. High Tc Superconducting Thin Film Deposition by Laser
Induced forward Transfer. Mater. Manuf. Process. 1992, 7, 31–51. [CrossRef]

62. Han, Y.; Dong, J. Electrohydrodynamic Printing for Advanced Micro/Nanomanufacturing: Current Progresses, Opportunities,
and Challenges. J. Micro Nano-Manuf. 2018, 6. [CrossRef]

63. An, B.W.; Kim, K.; Lee, H.; Kim, S.-Y.; Shim, Y.; Lee, D.-Y.; Song, J.Y.; Park, J.-U. High-Resolution Printing of 3D Structures Using
an Electrohydrodynamic Inkjet with Multiple Functional Inks. Adv. Mater. 2015, 27, 4322–4328. [CrossRef] [PubMed]

64. Han, Y.; Wei, C.; Dong, J. Super-resolution electrohydrodynamic (EHD) 3D printing of micro-structures using phase-change inks.
Manuf. Lett. 2014, 2, 96–99. [CrossRef]

65. Jayasinghe, S.N.; Edirisinghe, M.J.; Wang, D.Z. Controlled deposition of nanoparticle clusters by electrohydrodynamic atomization.
Nanotechnology 2004, 15, 1519–1523. [CrossRef]

66. Wei, C.; Dong, J. Direct fabrication of high-resolution three-dimensional polymeric scaffolds using electrohydrodynamic hot jet
plotting. J. Micromech. Microeng. 2013, 23, 025017. [CrossRef]

67. Galliker, P.; Schneider, J.; Eghlidi, H.; Kress, S.; Sandoghdar, V.; Poulikakos, D. Direct printing of nanostructures by electrostatic
autofocussing of ink nanodroplets. Nat. Commun. 2012, 3, 890. [CrossRef] [PubMed]

68. Jeong, Y.J.; Lee, X.; Bae, J.; Jang, J.; Joo, S.W.; Lim, S.; Kim, S.H.; Park, C.E. Direct patterning of conductive carbon nan-
otube/polystyrene sulfonate composites via electrohydrodynamic jet printing for use in organic field-effect transistors. J. Mater.
Chem. C 2016, 4, 4912–4919. [CrossRef]

69. Kim, B.H.; Onses, M.S.; Lim, J.B.; Nam, S.; Oh, N.; Kim, H.; Yu, K.J.; Lee, J.W.; Kim, J.-H.; Kang, S.-K.; et al. High-Resolution
Patterns of Quantum Dots Formed by Electrohydrodynamic Jet Printing for Light-Emitting Diodes. Nano Lett. 2015, 15, 969–973.
[CrossRef]

70. Kim, M.; Yun, H.; Kim, G.H. Electric-field assisted 3D-fibrous bioceramic-based scaffolds for bone tissue regeneration: Fabrication,
characterization, and in vitro cellular activities. Sci. Rep. 2017, 7, 3166. [CrossRef]

71. Han, Y.; Dong, J. High-resolution direct printing of molten-metal using electrohydrodynamic jet plotting. Manuf. Lett. 2017, 12,
6–9. [CrossRef]

72. Cohen, A.; Chen, R.; Frodis, U.; Wu, M.; Folk, C. Microscale metal additive manufacturing of multi-component medical devices.
Rapid Prototyp. J. 2010, 16, 209–215. [CrossRef]

73. O’Donnell, J.; Kim, M.; Yoon, H.S. A Review on electromechanical devices fabricated by additive manufacturing. J. Manuf. Sci.
Eng. Trans. ASME 2017, 139, 010801. [CrossRef]

74. Kumar, S.; Bhushan, P.; Pandey, M.; Bhattacharya, S. Additive manufacturing as an emerging technology for fabrication of
microelectromechanical systems (MEMS). J. Micromanuf. 2019, 2, 175–197. [CrossRef]

75. Hines, L.; Petersen, K.; Lum, G.Z.; Sitti, M. Soft Actuators for Small-Scale Robotics. Adv. Mater. 2017, 29. [CrossRef] [PubMed]
76. Zolfagharian, A.; Kouzani, A.Z.; Khoo, S.Y.; Moghadam, A.A.A.; Gibson, I.; Kaynak, A. Evolution of 3D printed soft actuators.

Sens. Actuators A Phys. 2016, 250, 258–272. [CrossRef]
77. Watson, B.; Friend, J.; Yeo, L. Piezoelectric ultrasonic micro/milli-scale actuators. Sens. Actuators A Phys. 2009, 152, 219–233.

[CrossRef]
78. Chen, C.; Wang, X.; Wang, Y.; Yang, D.; Yao, F.; Zhang, W.; Wang, B.; Sewvandi, G.A.; Yang, D.; Hu, D. Additive Manufacturing of

Piezoelectric Materials. Adv. Funct. Mater. 2020, 30, 2005141. [CrossRef]
79. Ricotti, L.; Trimmer, B.; Feinberg, A.W.; Raman, R.; Parker, K.K.; Bashir, R.; Sitti, M.; Martel, S.; Dario, P.; Menciassi, A. Biohybrid

actuators for robotics: A review of devices actuated by living cells. Sci. Robot. 2017, 2, 1–18. [CrossRef]
80. Won, P.; Ko, S.H.; Majidi, C.; Feinberg, A.W.; Webster-Wood, V.A. Biohybrid Actuators for Soft Robotics: Challenges in Scaling Up.

Actuators 2020, 9, 96. [CrossRef]
81. Shao, G.; Ware, H.O.T.; Li, L.; Sun, C. Rapid 3D Printing Magnetically Active Microstructures with High Solid Loading. Adv. Eng.

Mater. 2020, 22, 3–9. [CrossRef]
82. Shao, G.; Ware, H.O.T.; Huang, J.; Hai, R.; Li, L.; Sun, C. 3D printed magnetically-actuating micro-gripper operates in air and

water. Addit. Manuf. 2021, 38, 101834. [CrossRef]
83. Daniel, F.; Fontenot, J.; Radadia, A.D. Characterization of an electrothermal gripper fabricated via extrusion-based additive

manufacturing. Sens. Actuators A Phys. 2022, 333, 113302. [CrossRef]
84. Tyagi, M.; Spinks, G.M.; Jager, E.W.H. Fully 3D printed soft microactuators for soft microrobotics. Smart Mater. Struct. 2020, 29,

085032. [CrossRef]
85. Lantada, A.D.; De Blas Romero, A.; Tanarro, E.C. Micro-vascular shape-memory polymer actuators with complex geometries

obtained by laser stereolithography. Smart Mater. Struct. 2016, 25, 065018. [CrossRef]
86. Kozaki, S.; Moritoki, Y.; Furukawa, T.; Akieda, H.; Kageyama, T.; Fukuda, J.; Maruo, S. Additive manufacturing of micromanipu-

lator mounted on a glass capillary for biological applications. Micromachines 2020, 11, 174. [CrossRef] [PubMed]
87. Kobayashi, Y.; Cordonier, C.E.J.; Noda, Y.; Nagase, F.; Enomoto, J.; Kageyama, T.; Honma, H.; Maruo, S.; Fukuda, J. Tailored cell

sheet engineering using microstereolithography and electrochemical cell transfer. Sci. Rep. 2019, 9, 10415. [CrossRef]
88. Alblalaihid, K.; Overton, J.; Lawes, S.; Kinnell, P. A 3D-printed polymer micro-gripper with self-defined electrical tracks and

thermal actuator. J. Micromech. Microeng. 2017, 27, 045019. [CrossRef]

http://doi.org/10.1016/j.apsusc.2007.09.042
http://doi.org/10.1080/10426919208947397
http://doi.org/10.1115/1.4041934
http://doi.org/10.1002/adma.201502092
http://www.ncbi.nlm.nih.gov/pubmed/26095718
http://doi.org/10.1016/j.mfglet.2014.07.005
http://doi.org/10.1088/0957-4484/15/11/025
http://doi.org/10.1088/0960-1317/23/2/025017
http://doi.org/10.1038/ncomms1891
http://www.ncbi.nlm.nih.gov/pubmed/22692533
http://doi.org/10.1039/C6TC01371F
http://doi.org/10.1021/nl503779e
http://doi.org/10.1038/s41598-017-03461-x
http://doi.org/10.1016/j.mfglet.2017.04.001
http://doi.org/10.1108/13552541011034889
http://doi.org/10.1115/1.4033758
http://doi.org/10.1177/2516598419843688
http://doi.org/10.1002/adma.201603483
http://www.ncbi.nlm.nih.gov/pubmed/28032926
http://doi.org/10.1016/j.sna.2016.09.028
http://doi.org/10.1016/j.sna.2009.04.001
http://doi.org/10.1002/adfm.202005141
http://doi.org/10.1126/scirobotics.aaq0495
http://doi.org/10.3390/act9040096
http://doi.org/10.1002/adem.202070009
http://doi.org/10.1016/j.addma.2020.101834
http://doi.org/10.1016/j.sna.2021.113302
http://doi.org/10.1088/1361-665X/ab9f48
http://doi.org/10.1088/0964-1726/25/6/065018
http://doi.org/10.3390/mi11020174
http://www.ncbi.nlm.nih.gov/pubmed/32046122
http://doi.org/10.1038/s41598-019-46801-9
http://doi.org/10.1088/1361-6439/aa631e


Micromachines 2022, 13, 775 21 of 23

89. Almeida, A.; Andrews, G.; Jaiswal, D.; Hoshino, K. The actuation mechanism of 3D printed flexure-based robotic microtweezers.
Micromachines 2019, 10, 470. [CrossRef] [PubMed]

90. Bas, O.; Gorissen, B.; Luposchainsky, S.; Shabab, T.; Bertoldi, K.; Hutmacher, D.W. Ultrafast, miniature soft actuators. Multifunct.
Mater. 2021, 4. [CrossRef]

91. Joyee, E.B.; Pan, Y. Multi-material additive manufacturing of functional soft robot. Procedia Manuf. 2019, 34, 566–573. [CrossRef]
92. Schaffner, M.; Faber, J.A.; Pianegonda, L.; Rühs, P.A.; Coulter, F.; Studart, A.R. 3D printing of robotic soft actuators with

programmable bioinspired architectures. Nat. Commun. 2018, 9, 878. [CrossRef]
93. Sinatra, N.R.; Ranzani, T.; Vlassak, J.J.; Parker, K.K.; Wood, R.J. Nanofiber-reinforced soft fluidic micro-actuators. J. Micromech.

Microeng. 2018, 28, 084002. [CrossRef]
94. Xavier, M.S.; Tawk, C.D.; Yong, Y.K.; Fleming, A.J. 3D-printed omnidirectional soft pneumatic actuators: Design, modeling and

characterization. Sens. Actuators A Phys. 2021, 332, 113199. [CrossRef]
95. Zhang, Y.; Ng, C.J.; Chen, Z.; Zhang, W.; Panjwani, S. Miniature Pneumatic Actuators for Soft Robots by High-Resolution

Multimaterial 3D Printing. Adv. Mater. Technol. 2019, 4, 1900427. [CrossRef]
96. Ge, L.; Dong, L.; Wang, D.; Ge, Q.; Gu, G. Sensors and Actuators A: Physical A digital light processing 3D printer for fast and

high-precision fabrication of soft pneumatic actuators. Sens. Actuators A Phys. 2018, 273, 285–292. [CrossRef]
97. Ahangar, P.; Cooke, M.E.; Weber, M.H.; Rosenzweig, D.H. Current biomedical applications of 3D printing and additive manufac-

turing. Appl. Sci. 2019, 9, 1713. [CrossRef]
98. Aimar, A.; Palermo, A.; Innocenti, B. The Role of 3D Printing in Medical Applications: A State of the Art. J. Healthc. Eng. 2019,

2019, 5340616. [CrossRef]
99. Bozkurt, Y.; Karayel, E. 3D printing technology; methods, biomedical applications, future opportunities and trends. J. Mater. Res.

Technol. 2021, 14, 1430–1450. [CrossRef]
100. Kotta, S.; Nair, A.; Alsabeelah, N. 3D Printing Technology in Drug Delivery: Recent Progress and Application. Curr. Pharm. Des.

2018, 24, 5039–5048. [CrossRef]
101. Wallis, M.; Al-Dulimi, Z.; Tan, D.K.; Maniruzzaman, M.; Nokhodchi, A. 3D Printing for Enhanced Drug Delivery: Current

State-of-the-Art and Challenges; Taylor & Francis: Abingdon, UK, 2020; Volume 46, ISBN 4412738728.
102. Prasad, L.K.; Smyth, H. 3D Printing technologies for drug delivery: A review. Drug Dev. Ind. Pharm. 2016, 42, 1019–1031.

[CrossRef]
103. Dabbagh, S.R.; Sarabi, M.R.; Rahbarghazi, R.; Sokullu, E.; Yetisen, A.K.; Tasoglu, S. 3D-printed microneedles in biomedical

applications. iScience 2021, 24, 102012. [CrossRef]
104. Huang, D.; Li, J.; Li, T.; Wang, Z.; Wang, Q.; Li, Z. Recent advances on fabrication of microneedles on the flexible substrate. J.

Micromech. Microeng. 2021, 31. [CrossRef]
105. Hwang, H.H.; Zhu, W.; Victorine, G.; Lawrence, N.; Chen, S. 3D-Printing of Functional Biomedical Microdevices via Light- and

Extrusion-Based Approaches. Small Methods 2018, 2, 1700277. [CrossRef] [PubMed]
106. Prabhakar, P.; Sen, R.K.; Dwivedi, N.; Khan, R.; Solanki, P.R.; Srivastava, A.K.; Dhand, C. 3D-Printed Microfluidics and Potential

Biomedical Applications. Front. Nanotechnol. 2021, 3, 1–16. [CrossRef]
107. Kim, Y.; Son, K.; Lee, J. Auxetic structures for tissue engineering scaffolds and biomedical devices. Materials 2021, 14, 6821.

[CrossRef] [PubMed]
108. Borovjagin, A.V.; Ogle, B.M.; Berry, J.L.; Zhang, J. From Microscale Devices to 3D Printing: Advances in Fabrication of 3D

Cardiovascular Tissues. Circ. Res. 2017, 120, 150–165. [CrossRef] [PubMed]
109. Joyee, E.B.; Pan, Y. Additive manufacturing of multi-material soft robot for on-demand drug delivery applications. J. Manuf.

Process. 2020, 56, 1178–1184. [CrossRef]
110. Coltelli, M.A.; Catterlin, J.; Scherer, A.; Kartalov, E.P. Simulations of 3D-Printable biomimetic artificial muscles based on

microfluidic microcapacitors for exoskeletal actuation and stealthy underwater propulsion. Sens. Actuators A Phys. 2021,
325, 112700. [CrossRef]

111. Vasilescu, S.A.; Bazaz, S.R.; Jin, D.; Shimoni, O.; Warkiani, M.E. 3D printing enables the rapid prototyping of modular microfluidic
devices for particle conjugation. Appl. Mater. Today 2020, 20, 100726. [CrossRef]

112. Cesewski, E.; Haring, A.P.; Tong, Y.; Singh, M.; Thakur, R.; Laheri, S.; Read, K.A.; Powell, M.D.; Oestreich, K.J.; Johnson, B.N.
Additive manufacturing of three-dimensional (3D) microfluidic-based microelectromechanical systems (MEMS) for acoustofluidic
applications. Lab Chip 2018, 18, 2087–2098. [CrossRef]

113. Thomas, D.J.; Tehrani, Z.; Redfearn, B. 3-D printed composite microfluidic pump for wearable biomedical applications. Addit.
Manuf. 2016, 9, 30–38. [CrossRef]

114. Taylor, A.P.; Velásquez-García, L.F. Miniaturized diaphragm vacuum pump by multi-material additive manufacturing. J.
Microelectromech. Syst. 2017, 26, 1316–1326. [CrossRef]

115. Behrens, M.R.; Fuller, H.C.; Swist, E.R.; Wu, J.; Islam, M.M.; Long, Z.; Ruder, W.C.; Steward, R. Open-source, 3D-printed Peristaltic
Pumps for Small Volume Point-of-Care Liquid Handling. Sci. Rep. 2020, 10, 1543. [CrossRef] [PubMed]

116. Economidou, S.N.; Uddin, M.J.; Marques, M.J.; Douroumis, D.; Sow, W.T.; Li, H.; Reid, A.; Windmill, J.F.C.; Podoleanu, A. A
novel 3D printed hollow microneedle microelectromechanical system for controlled, personalized transdermal drug delivery.
Addit. Manuf. 2021, 38, 101815. [CrossRef]

http://doi.org/10.3390/mi10070470
http://www.ncbi.nlm.nih.gov/pubmed/31337134
http://doi.org/10.1088/2399-7532/ac2faf
http://doi.org/10.1016/j.promfg.2019.06.221
http://doi.org/10.1038/s41467-018-03216-w
http://doi.org/10.1088/1361-6439/aab373
http://doi.org/10.1016/j.sna.2021.113199
http://doi.org/10.1002/admt.201900427
http://doi.org/10.1016/j.sna.2018.02.041
http://doi.org/10.3390/app9081713
http://doi.org/10.1155/2019/5340616
http://doi.org/10.1016/j.jmrt.2021.07.050
http://doi.org/10.2174/1381612825666181206123828
http://doi.org/10.3109/03639045.2015.1120743
http://doi.org/10.1016/j.isci.2020.102012
http://doi.org/10.1088/1361-6439/ac0513
http://doi.org/10.1002/smtd.201700277
http://www.ncbi.nlm.nih.gov/pubmed/30090851
http://doi.org/10.3389/fnano.2021.609355
http://doi.org/10.3390/ma14226821
http://www.ncbi.nlm.nih.gov/pubmed/34832223
http://doi.org/10.1161/CIRCRESAHA.116.308538
http://www.ncbi.nlm.nih.gov/pubmed/28057791
http://doi.org/10.1016/j.jmapro.2020.03.059
http://doi.org/10.1016/j.sna.2021.112700
http://doi.org/10.1016/j.apmt.2020.100726
http://doi.org/10.1039/C8LC00427G
http://doi.org/10.1016/j.addma.2015.12.004
http://doi.org/10.1109/JMEMS.2017.2743020
http://doi.org/10.1038/s41598-020-58246-6
http://www.ncbi.nlm.nih.gov/pubmed/32005961
http://doi.org/10.1016/j.addma.2020.101815


Micromachines 2022, 13, 775 22 of 23

117. Rehmani, M.A.A.; Jaywant, S.A.; Arif, K.M. Study of microchannels fabricated using desktop fused deposition modeling systems.
Micromachines 2021, 12, 14. [CrossRef]

118. Caudill, C.; Perry, J.L.; Iliadis, K.; Tessema, A.T.; Lee, B.J.; Mecham, B.S.; Tian, S.; DeSimone, J.M. Transdermal vaccination via
3D-printed microneedles induces potent humoral and cellular immunity. Proc. Natl. Acad. Sci. USA 2021, 118, e2102595118.
[CrossRef]

119. Chen, Z.; Lin, Y.; Lee, W.; Ren, L.; Liu, B.; Liang, L.; Wang, Z.; Jiang, L. Additive Manufacturing of Honeybee-Inspired Microneedle
for Easy Skin Insertion and Difficult Removal. ACS Appl. Mater. Interfaces 2018, 10, 29338–29346. [CrossRef]

120. Johnson, A.R.; Procopio, A.T. Low cost additive manufacturing of microneedle masters. 3D Print. Med. 2019, 5, 1–10. [CrossRef]
121. Krieger, K.J.; Bertollo, N.; Dangol, M.; Sheridan, J.T.; Lowery, M.M.; O’Cearbhaill, E.D. Simple and customizable method for

fabrication of high-aspect ratio microneedle molds using low-cost 3D printing. Microsyst. Nanoeng. 2019, 5, 42. [CrossRef]
122. He, Y.; Gao, Q.; Wu, W.; Bin, N.J.; Fu, J.Z. 3D printed paper-based microfluidic analytical devices. Micromachines 2016, 7, 108.

[CrossRef]
123. Bégin-Drolet, A.; Dussault, M.A.; Fernandez, S.A.; Larose-Dutil, J.; Leask, R.L.; Hoesli, C.A.; Ruel, J. Design of a 3D printer head

for additive manufacturing of sugar glass for tissue engineering applications. Addit. Manuf. 2017, 15, 29–39. [CrossRef]
124. Yeshmukhametov; Koganezawa; Yamamoto A Novel Discrete Wire-Driven Continuum Robot Arm with Passive Sliding Disc:

Design, Kinematics and Passive Tension Control. Robotics 2019, 8, 51. [CrossRef]
125. Georgantzinos, S.K.; Giannopoulos, G.I.; Bakalis, P.A. Additive Manufacturing for Effective Smart Structures: The Idea of 6D

Printing. J. Compos. Sci. 2021, 5, 119. [CrossRef]
126. Saleh, M.S.; Hu, C.; Brenneman, J.; Al Mutairi, A.M.; Panat, R. 3D printed three-dimensional metallic microlattices with controlled

and tunable mechanical properties. Addit. Manuf. 2021, 39, 101856. [CrossRef]
127. Askari, M.; Hutchins, D.A.; Thomas, P.J.; Astolfi, L.; Watson, R.L.; Abdi, M.; Ricci, M.; Laureti, S.; Nie, L.; Freear, S.; et al. Additive

manufacturing of metamaterials: A review. Addit. Manuf. 2020, 36, 101562. [CrossRef]
128. Zadpoor, A.A. Additively manufactured porous metallic biomaterials. J. Mater. Chem. B 2019, 7, 4088–4117. [CrossRef]
129. Fan, J.; Zhang, L.; Wei, S.; Zhang, Z.; Choi, S.-K.; Song, B.; Shi, Y. A review of additive manufacturing of metamaterials and

developing trends. Mater. Today 2021, 50, 303–328. [CrossRef]
130. Savio, G.; Rosso, S.; Meneghello, R.; Concheri, G. Geometric Modeling of Cellular Materials for Additive Manufacturing in

Biomedical Field: A Review. Appl. Bionics Biomech. 2018, 2018, 1654782. [CrossRef]
131. Singh, J.; Upadhyay, A.; Sehgal, S. A review on metallic micro lattice. Mater. Today Proc. 2020, 33, 1695–1700. [CrossRef]
132. Surjadi, J.U.; Gao, L.; Du, H.; Li, X.; Xiong, X.; Fang, N.X.; Lu, Y. Mechanical Metamaterials and Their Engineering Applications.

Adv. Eng. Mater. 2019, 21, 1800864. [CrossRef]
133. Garcia-Taormina, A.R.; Alwen, A.; Schwaiger, R.; Hodge, A.M. A review of coated nano- and micro-lattice materials. J. Mater. Res.

2021, 36, 3607–3627. [CrossRef]
134. Obadimu, S.O.; Kourousis, K.I. Compressive Behaviour of Additively Manufactured Lattice Structures: A Review. Aerospace 2021,

8, 207. [CrossRef]
135. Zadpoor, A.A. Mechanical performance of additively manufactured meta-biomaterials. Acta Biomater. 2019, 85, 41–59. [CrossRef]

[PubMed]
136. Noronha, J.; Qian, M.; Leary, M.; Kyriakou, E.; Brandt, M. Hollow-walled lattice materials by additive manufacturing: Design,

manufacture, properties, applications and challenges. Curr. Opin. Solid State Mater. Sci. 2021, 25, 100940. [CrossRef]
137. Köhnen, P.; Ewald, S.; Schleifenbaum, J.H.; Belyakov, A.; Haase, C. Controlling microstructure and mechanical properties of

additively manufactured high-strength steels by tailored solidification. Addit. Manuf. 2020, 35, 101389. [CrossRef]
138. Kumar, P.; Prakash, O.; Ramamurty, U. Micro-and meso-structures and their influence on mechanical properties of selectively

laser melted Ti-6Al-4V. Acta Mater. 2018, 154, 246–260. [CrossRef]
139. Souza, J.; Großmann, A.; Mittelstedt, C. Micromechanical analysis of the effective properties of lattice structures in additive

manufacturing. Addit. Manuf. 2018, 23, 53–69. [CrossRef]
140. Athanasiadis, A.E.F.; Dias, M.A.; Budzik, M.K. Can confined mechanical metamaterials replace adhesives? Extrem. Mech. Lett.

2021, 48, 101411. [CrossRef]
141. Kenel, C.; Casati, N.P.M.; Dunand, D.C. 3D ink-extrusion additive manufacturing of CoCrFeNi high-entropy alloy micro-lattices.

Nat. Commun. 2019, 10, 904. [CrossRef]
142. Boulvert, J.; Costa-Baptista, J.; Cavalieri, T.; Perna, M.; Fotsing, E.R.; Romero-García, V.; Gabard, G.; Ross, A.; Mardjono, J.; Groby,

J.-P. Acoustic modeling of micro-lattices obtained by additive manufacturing. Appl. Acoust. 2020, 164, 107244. [CrossRef]
143. Haubrich, J.; Gussone, J.; Barriobero-Vila, P.; Kürnsteiner, P.; Jägle, E.A.; Raabe, D.; Schell, N.; Requena, G. The role of lattice

defects, element partitioning and intrinsic heat effects on the microstructure in selective laser melted Ti-6Al-4V. Acta Mater. 2019,
167, 136–148. [CrossRef]

144. Lozanovski, B.; Downing, D.; Tino, R.; du Plessis, A.; Tran, P.; Jakeman, J.; Shidid, D.; Emmelmann, C.; Qian, M.; Choong, P.;
et al. Non-destructive simulation of node defects in additively manufactured lattice structures. Addit. Manuf. 2020, 36, 101593.
[CrossRef]

145. Günther, J.; Brenne, F.; Droste, M.; Wendler, M.; Volkova, O.; Biermann, H.; Niendorf, T. Design of novel materials for additive
manufacturing - Isotropic microstructure and high defect tolerance. Sci. Rep. 2018, 8, 1298. [CrossRef] [PubMed]

http://doi.org/10.3390/mi12010014
http://doi.org/10.1073/pnas.2102595118
http://doi.org/10.1021/acsami.8b09563
http://doi.org/10.1186/s41205-019-0039-x
http://doi.org/10.1038/s41378-019-0088-8
http://doi.org/10.3390/mi7070108
http://doi.org/10.1016/j.addma.2017.03.006
http://doi.org/10.3390/robotics8030051
http://doi.org/10.3390/jcs5050119
http://doi.org/10.1016/j.addma.2021.101856
http://doi.org/10.1016/j.addma.2020.101562
http://doi.org/10.1039/C9TB00420C
http://doi.org/10.1016/j.mattod.2021.04.019
http://doi.org/10.1155/2018/1654782
http://doi.org/10.1016/j.matpr.2020.07.375
http://doi.org/10.1002/adem.201800864
http://doi.org/10.1557/s43578-021-00178-6
http://doi.org/10.3390/aerospace8080207
http://doi.org/10.1016/j.actbio.2018.12.038
http://www.ncbi.nlm.nih.gov/pubmed/30590181
http://doi.org/10.1016/j.cossms.2021.100940
http://doi.org/10.1016/j.addma.2020.101389
http://doi.org/10.1016/j.actamat.2018.05.044
http://doi.org/10.1016/j.addma.2018.07.007
http://doi.org/10.1016/j.eml.2021.101411
http://doi.org/10.1038/s41467-019-08763-4
http://doi.org/10.1016/j.apacoust.2020.107244
http://doi.org/10.1016/j.actamat.2019.01.039
http://doi.org/10.1016/j.addma.2020.101593
http://doi.org/10.1038/s41598-018-19376-0
http://www.ncbi.nlm.nih.gov/pubmed/29358756


Micromachines 2022, 13, 775 23 of 23

146. Echeta, I.; Dutton, B.; Leach, R.K.; Piano, S. Finite element modelling of defects in additively manufactured strut-based lattice
structures. Addit. Manuf. 2021, 47, 102301. [CrossRef]

147. McGregor, D.J.; Tawfick, S.; King, W.P. Automated metrology and geometric analysis of additively manufactured lattice structures.
Addit. Manuf. 2019, 28, 535–545. [CrossRef]

148. Yuan, L.; Ding, S.; Wen, C. Additive manufacturing technology for porous metal implant applications and triple minimal surface
structures: A review. Bioact. Mater. 2019, 4, 56–70. [CrossRef]

149. Wang, M.; Wang, X.; Liu, J.; Wei, J.; Shen, Z.; Wang, Y. 3-Dimensional ink printing of friction-reducing surface textures from
copper nanoparticles. Surf. Coat. Technol. 2019, 364, 57–62. [CrossRef]

150. Mekhiel, S.; Koshy, P.; Elbestawi, M.A. Additive texturing of metallic surfaces for wetting control. Addit. Manuf. 2021, 37, 101631.
[CrossRef]

151. Thompson, M.K.; Moroni, G.; Vaneker, T.; Fadel, G.; Campbell, R.I.; Gibson, I.; Bernard, A.; Schulz, J.; Graf, P.; Ahuja, B.;
et al. Design for Additive Manufacturing: Trends, opportunities, considerations, and constraints. CIRP Ann. 2016, 65, 737–760.
[CrossRef]

152. Volkman, S.K.; Yin, S.; Bakhishev, T.; Puntambekar, K.; Subramanian, V.; Toney, M.F. Mechanistic Studies on Sintering of Silver
Nanoparticles. Chem. Mater. 2011, 23, 4634–4640. [CrossRef]

153. Nanda, K.K.; Maisels, A.; Kruis, F.E.; Fissan, H.; Stappert, S. Higher Surface Energy of Free Nanoparticles. Phys. Rev. Lett. 2003,
91, 106102. [CrossRef]

154. Roy, N.K.; Behera, D.; Dibua, O.G.; Foong, C.S.; Cullinan, M.A. Single shot, large area metal sintering with micrometer level
resolution. Opt. Express 2018, 26, 25534. [CrossRef] [PubMed]

155. 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. [CrossRef] [PubMed]

156. Bártolo, P.J. (Ed.) Stereolithography; Springer: Boston, MA, USA, 2011; ISBN 978-0-387-92903-3.
157. Crivello, J.V. The discovery and development of onium salt cationic photoinitiators. J. Polym. Sci. Part A Polym. Chem. 1999, 37,

4241–4254. [CrossRef]
158. Gibson, I.; Rosen, D.W.; Stucker, B. Additive Manufacturing Technologies; Springer: Berlin/Heidelberg, Germany, 2010;

ISBN 9781441911193.
159. Lee, J.W.; Lee, I.H.; Cho, D.-W. Development of micro-stereolithography technology using metal powder. Microelectron. Eng. 2006,

83, 1253–1256. [CrossRef]
160. Regenfuß, P.; Ebert, R.; Exner, H. Laser Micro Sintering—A Versatile Instrument for the Generation of Microparts. Laser Tech. J.

2007, 4, 26–31. [CrossRef]
161. Woodfield, T.B.F.; Malda, J.; de Wijn, J.; Péters, F.; Riesle, J.; van Blitterswijk, C.A. Design of porous scaffolds for cartilage tissue

engineering using a three-dimensional fiber-deposition technique. Biomaterials 2004, 25, 4149–4161. [CrossRef]
162. Yi, S.; Liu, F.; Zhang, J.; Xiong, S. Study of the key technologies of LOM for functional metal parts. J. Mater. Process. Technol. 2004,

150, 175–181. [CrossRef]
163. Hon, K.K.B.; Li, L.; Hutchings, I.M. Direct writing technology—Advances and developments. CIRP Ann. 2008, 57, 601–620.

[CrossRef]
164. Butler, E.J.; Folk, C.; Cohen, A.; Vasilyev, N.V.; Chen, R.; del Nido, P.J.; Dupont, P.E. Metal MEMS tools for beating-heart tissue

approximation. In Proceedings of the 2011 IEEE International Conference on Robotics and Automation, Shanghai, China, 9–13
May 2011; pp. 411–416.

165. Gad-el-Hak, M. (Ed.) The MEMS Handbook-3 Volume Set; CRC Press: Boca Raton, FL, USA, 2019; ISBN 9780429103872.
166. Stringer, J.; Derby, B. Limits to feature size and resolution in ink jet printing. J. Eur. Ceram. Soc. 2009, 29, 913–918. [CrossRef]
167. Dantan, J.-Y.; Huang, Z.; Goka, E.; Homri, L.; Etienne, A.; Bonnet, N.; Rivette, M. Geometrical variations management for additive

manufactured product. CIRP Ann. 2017, 66, 161–164. [CrossRef]
168. Silva, M.R.; Pereira, A.M.; Sampaio, Á.M.; Pontes, A.J. Assessment of the Dimensional and Geometric Precision of Micro-Details

Produced by Material Jetting. Materials 2021, 14, 1989. [CrossRef] [PubMed]
169. Thompson, M.K.; Mischkot, M. Design of Test Parts to Characterize Micro Additive Manufacturing Processes. Procedia CIRP 2015,

34, 223–228. [CrossRef]
170. Thompson, A.; Maskery, I.; Leach, R.K. X-ray computed tomography for additive manufacturing: A review. Meas. Sci. Technol.

2016, 27, 072001. [CrossRef]
171. du Plessis, A.; Yadroitsev, I.; Yadroitsava, I.; Le Roux, S.G. X-Ray Microcomputed Tomography in Additive Manufacturing:

A Review of the Current Technology and Applications. 3D Print. Addit. Manuf. 2018, 5, 227–247. [CrossRef]
172. Leach, R. Metrology for Additive Manufacturing. Meas. Control 2016, 49, 132–135. [CrossRef]
173. Lévesque, D.; Bescond, C.; Lord, M.; Cao, X.; Wanjara, P.; Monchalin, J.-P. Inspection of additive manufactured parts using laser

ultrasonics. AIP Conf. Proc. 2016, 1706, 130003.

http://doi.org/10.1016/j.addma.2021.102301
http://doi.org/10.1016/j.addma.2019.05.026
http://doi.org/10.1016/j.bioactmat.2018.12.003
http://doi.org/10.1016/j.surfcoat.2019.02.080
http://doi.org/10.1016/j.addma.2020.101631
http://doi.org/10.1016/j.cirp.2016.05.004
http://doi.org/10.1021/cm202561u
http://doi.org/10.1103/PhysRevLett.91.106102
http://doi.org/10.1364/OE.26.025534
http://www.ncbi.nlm.nih.gov/pubmed/30469654
http://doi.org/10.1038/s41378-019-0116-8
http://www.ncbi.nlm.nih.gov/pubmed/34567614
http://doi.org/10.1002/(SICI)1099-0518(19991201)37:23&lt;4241::AID-POLA1&gt;3.0.CO;2-R
http://doi.org/10.1016/j.mee.2006.01.192
http://doi.org/10.1002/latj.200790139
http://doi.org/10.1016/j.biomaterials.2003.10.056
http://doi.org/10.1016/j.jmatprotec.2004.01.035
http://doi.org/10.1016/j.cirp.2008.09.006
http://doi.org/10.1016/j.jeurceramsoc.2008.07.016
http://doi.org/10.1016/j.cirp.2017.04.034
http://doi.org/10.3390/ma14081989
http://www.ncbi.nlm.nih.gov/pubmed/33921131
http://doi.org/10.1016/j.procir.2015.07.065
http://doi.org/10.1088/0957-0233/27/7/072001
http://doi.org/10.1089/3dp.2018.0060
http://doi.org/10.1177/0020294016644479

	Introduction 
	Technologies and Materials for AM at the Microscale 
	Macro-AM Processes Fitted to Microscale Fabrication 
	Two-Dimensional Ink Writing Technologies 
	Hybrid Processes 

	AM Applications at the Microscale 
	Αctuator Applications 
	Soft Robotics Applications 
	Biomedical and Microfluidics Applications 

	Design Considerations 
	Comparative Advantages and AM Limitations 
	Selection of Processes and Materials 
	Design Considerations 
	Metrological and Performance Validation of AM Structures at the Microscale 

	Conclusions 
	References

