Materials
Advances

rsc.li/materials-advances

-«

ROYAL SOCIETY
OF CHEMISTRY

ISSN 2633-5409

REVIEW ARTICLE
Andrea Rogolino and Gianpaolo Savio

Trends in additively manufactured microfluidics,

microreactors and catalytic materials

Volume 2
Number 3
7 February 2021
Pages 815-1100




Open Access Article. Published on 23 November 2020. Downloaded on 4/7/2026 3:34:08 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials ‘ l ROYAL SOCIETY
OF CHEMISTRY
Advances -

REVl EW View Article Online

View Journal | View Issue

W) Cheok for updates Trends in additively manufactured microfluidics,
microreactors and catalytic materials

Cite this: Mater. Adv., 2021,
2,845 Andrea Rogolino (2 ** and Gianpaolo Savio

C

The interest in microfluidics, that is the manipulation of fluids with volumes in the range of puL or below,
has increased exponentially in the past decades, due to their relevance to diagnostics, sensors, drug-design
and pilot plant prototyping. Common manufacturing processes in clean rooms for microfluidic substrates
are well established, but still expensive and competence-demanding. Additive manufacturing is a promising
alternative, given the inherent simple geometry and the small dimensions of microfluidic devices, which in
turn allow ease of design and production along with a reduction of time and costs of the manufacturing
processes. In this paper the state of the art in additive manufacturing of microfluidics and microreactors is
presented, showing how vat photopolymerization, multimaterial jetting and extrusion-based additive
manufacturing possess the best features in this field. An overview of the most remarkable applications

Received 15th September 2020, obtained so far is provided, highlighting the best performance in layer height resolution achieved and
Accepted 22nd November 2020 the printing of dynamic devices. Furthermore, potentiality of additive manufacturing in the fabrication of
DOI: 10.1039/d0ma00704h catalysts for chemical reactions is reviewed. Finally, it is claimed how the rise of additive technologies in

small-scale manufacturing in the future will definitely occur due to their cheapness, accessibility and
rsc.li/materials-advances ease of customization.
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Microfluidics is a very recent research field consisting of the
study and setup of technologies to handle volumes of liquids
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this modern field are relevant to different areas, including
physics, materials science, optics, microelectronics, chemistry,
biology, medicine, bioengineering and microengineering. The
birth of the microfluidic chip has often been compared to that
of integrated circuits in electronics and people are making
efforts to merge these two technologies. Microfluidic systems
are classified as MEMS, Micro Electro Mechanical Systems, which
are extremely relevant to sensors and diagnostic devices. These
devices bring important benefits among which are: (i) consid-
erable saving of time both in synthetic and analytical processes,
(ii) reduction of feed and waste, (iii) cost reduction, (iv) easy
control of inlet and outlet flux granted by low Reynolds num-
ber, and (v) efficient thermal and chemical diffusion. Diagnos-
tics is by far one of the most interesting fields of application.
Household and portable blood sugar testers are just examples
of how microfluidics has become part of our daily life. Today,
clinics can perform a great number of preliminary tests in a
few seconds with a single drop of blood. Microfluidics opens up
interesting perspectives; among the most promising fields are
pharmaceutical industries and plant reactors (for instance, for
the miniaturisation of pilot plants). Combinatorial chemistry is
a further area of interest whose development highly depends on
microfluidics. Combinatorial chemistry aims at running tens of
chemical reactions simultaneously by mixing small quantities
of reagents in different combinations, so as to detect and
choose the most desirable product in high yield." Furthermore,
lab-on-a-chip (or LoC - as they are often referred to - that is, a
system capable of reproducing a functional chemical or biolo-
gical laboratory at the scale of centimeters or below, as shown
in Fig. 1)> might contribute to the growth of Green Chemistry
that is the development of environmentally and energetically
responsible procedures of synthesis, use and waste of chemi-
cals. Indeed, chips would allow limited use of solvents, energy
saving and waste reduction.

To highlight the ever-growing interest for this new research
area, in 2001 the Royal Society of Chemistry founded the journal
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Fig.1 Scheme of a lab-on-a-chip. Adapted from 2.
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Lab on a Chip, in which several articles from engineers, che-
mists and biologists are published every year.

Although most microfluidic chips are traditionally fabricated
through photolithography or soft lithography, additive manufac-
turing (AM) is a promising alternative. AM technologies allow one
to print complex geometries and easy-to-customize pieces on the
basis of thermodynamics and fluid dynamics. In addition, they
are suitable to make lattice structures and millimetric reaction
tanks. Although an improvement in resolution is still required, 3D
printing provides cheapness and wide accessibility to users with
no special expertise, since both hardware and software tools are
easy to learn and manage.

In this paper, state of the art and perspectives of AM in
microfluidics are discussed. First, a comparison between tradi-
tional manufacturing process and additive technologies is
provided. Then, remarkable applications in the production of
microfluidic circuits, microreactors and catalysts are presented.

Traditional methods of production of
microfluidic systems

The two main techniques currently spread for the manufactur-
ing of micro/nano-circuits are photolithography®*™® and soft
lithography.®® Both techniques provide resolution up to few
nms and work on elastomeric resins, in particular polydi-
methylsiloxane (PDMS).° PDMS is the predominant polymer
for the production of lab-on-a-chip devices due to its properties:
resistance to temperature, chemical attack and oxidation; excel-
lent electrical insulation; resistance to aging; transparency; bio-
compatibility; chemical inertia; no toxicity or flammability.*°

Among the soft lithographic techniques - so called because
of the use of easy to mould elastomeric resins - is micro-
molding.”* Through this technique, moulds carved with the
reliefs of the flow channels are fabricated; afterwards the resin
is heated and injected or compressed into the mould.

SNP
detection
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Photolithography, on the other hand, consists in creating
mould patterns with the help of photosensitive compounds
(photoresists) and then overlapping the mould with the elasto-
mer, which in turn gets the proper shape. Photoresist and
opaque masks are arranged so as to shape the positive or
negative frame of the mould. A light source is then applied
changing a property of the photoresist, such as its solubility in
a given solvent.'® Excess or supporting photosensitive materials
can be removed by leveraging on this property. Finally, the
elastomeric resin (PDMS) is moulded into the photoresist
template. Later on, the elastomer can be bonded to glass or
other surfaces.

The peculiarity of both these techniques is the need for
expensive, bulky, sensitive and clean equipment. As a result,
qualified personnel and a dust-protected working environment,
i.e. a clean room, are essential.”

Among other traditional techniques, laser cutting is worth
a mention. By this production method, microfluidic channels
are shaped with a laser beam (typically a CO,-laser)."*™” Its
main advantages are simpler equipment, which does not
strictly require a clean environment and a lower number of
production steps. This technique has already been used to
fabricate biocompatible and PMMA-based labs-on-a-
chip.’**>*® Although cheaper than soft lithography,'®'® laser
cutting provides much lower resolution (tens of micrometers
versus hundreds of nanometers) and often spoils the material
by excessive burning. For this reason, carbon residues need to
be accurately removed with solvents."®"” Laser cutting might
be still applied to low-resolution microfluidics, including for
educational and demonstrative purposes.

Additive technologies in microfluidics:
an overview

According to the Scopus database,”® searching by “Additive

Manufacturing” AND “Microfluidics” in Title, Abstracts and
Keyword, only 227 papers are found, and most studies appeared
only in the last 7 years. The application of 3D printing in the
production of microfluidic components is attractive for several
reasons. First, it reduces the large number of steps required by
soft lithography, since the production is obtained by direct
addition of materials, bypassing the need for moulds or masks
for each layer.>"** The limited printing volume of the current
machines is not an issue: on the contrary, it can be further
reduced so as to install a manufacturing tool simply on a desk
with no loss of production quality.>* Materials are a further
advantage, since most microfluidic devices are made of poly-
mers that can be directly processed via AM and are often
biocompatible or derived from biotechnologies.****” Glass
microfluidic devices were also additively manufactured.??*%*
The geometry complexity is easy to set in a STL file, while in
photolithography and soft lithography, it highly depends on
the number of subsequent refinements. While support material
for applications of AM technologies is critical, that is not the
case in microfluidics, since it is often removed by thermal or

© 2021 The Author(s). Published by the Royal Society of Chemistry
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mechanical extraction through the channels “dug” during
printing. Although it has lower resolution, AM allows much
lower production times. Indeed, the promoters of AM in
microfluidics embrace a “fail fast and often” strategy: although
several tests may be needed, the complete production of a
simple fluid mixer takes up to less than 15 minutes.*?

Labs-on-a-chip and similar circuits are suitably “printed” by
three AM technologies:** vat photopolymerization, material
jetting and material extrusion.**

Vat photopolymerization

Photopolymerization is currently the predominant technique in
microfluidics. The technique is sometimes called “vat” because
it is actually composed of a bath of liquid, polymerizable resin.
This in turn is point by point illuminated by a UV light beam,
which initiates hardening of the material by photopolymeriza-
tion. The design to be manufactured is shaped by accurately
directing the light. Vat photopolymerization is divided into two
main variants, stereolithography (SLA) and digital light proces-
sing (DLP). In SLA, a laser beam is directed to the surface of
a liquid resin bath moving in the xy plane to selectively
polymerize the resin. After a layer is completed, the built plate
is then moved downwards or upwards. In DLP, the resin is
polymerised by means of a digital mirror device (DMD), i.e. a
reflective plane formed by millions of micrometric mirrors,
which reproduce, pixel by pixel, the image of the layer to be
printed. The laser is then reflected by the DMD towards the
photosensitive resin through a converging lens. This provides
the advantage of printing the entire layer at the same time,
avoiding the need for an xy pointer. Printing times are reduced
accordingly.*?

The most distinguishing quality of these methodologies is
certainly resolution, the highest of all AM. Photopolymerization
is the only technology currently capable of creating structures
well below 100 pm wide, comparable with classical techniques.
In 2017, Nordin et al. from Brigham Young University achieved
the goal of a surface area of 18 um x 20 pm for a fluid transport
channel using a custom printer.”> Materials particularly
suitable for microreactors, like silica dispersions, have been
prepared and processed with stereolithography.’® Microreac-
tors printed by photopolymerization have been used in kinetic
studies and synthesis in organic chemistry.*”*® Here, the
transparency of the resin was a great advantage, which allowed
the use of optical sources for photocatalysis or characterization.
The potential of vat photopolymerization for the production of
sub-100 um devices has been predicted and simulated with
mathematical models.*>*® The technique allows static and
dynamic elements to be printed. There are well-known exam-
ples of circuits comprising valves and peristaltic pumps.>'*?
Similar possibilities are also feasible by inkjet printing.**

Photopolymerization is promising in terms of costs, dropping
up to $100 for a machine.** More devices in parallel are used in
laboratories where this technology has been introduced. Finally,
post-processing operations are often straightforward because
the excess liquid resin can be evaporated or drained. However, a

Mater. Adv, 2021, 2, 845-855 | 847
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severe limitation of stereolithography is the restriction to mono-
material applications.

Material jetting

Material jetting is the second most relevant AM methodology
for microfluidics. The principles of material jetting are basically
the same of a common 2D printer. A printhead is free to move
on a plane dropping liquid inks, which subsequently solidify
after thermal (cooling) or photo-induced (UV curing) treatment.
Multiple inks can be cast on a single layer, such as one for the
product and one for supports. These are removed afterwards by
post-processing. The possibility to adopt different materials
for one single manufacturing opens up new scenarios. In
particular, multi-material printers (multi-jet modeling, MJM)
have been used in microfluidics for the fabrication of circuits,
allowing high structural complexity, thanks to the possibility to
add layers of different materials for product and support
structures. Removal of the latter is based on differences in
the properties of materials (solubility, thermal stability, etc.).
The multi-material implementation allows, as for photopoly-
merization, the creation of static, dynamic, rigid and flexible
components. This is why MJM is often relevant to the printing
of pumps and valves. Material jetting can work in a continuous
or batch process. The latter case is the preferred method for
microfluidic printing, since it produces smaller droplets as
long as the “ink” of the material has an adequate viscosity. A
further classification of material jetting technology includes
distinction between powder-bed deposition and photopolymer
deposition. The latter can mix up to 14 different materials in a
single print.*?

The best results achieved with this method so far include
geometries between 100 and 60 pm wide. In addition, studies
suggest that the grooves in micro-channels are more stable
when printed vertically.**%*™>°

Although it is an attractive option, multi-material jetting
always requires demanding post-processing. Packed supports
are often impossible to remove directly. Secondary materials
are often removed by thermal methods (e.g. melting of some
waxes used as supports), immersion in solvents (different
solubility of the materials allows selective removal) or sonica-
tion (ultrasound attack destroys target materials). Material
jetting technology is still the most expensive, with costs
between 10 and 100 times higher than those required by
vat photopolymerization or material extrusion. The study of
materials - which must meet clear criteria of transparency,
density and biocompatibility - represents a crucial factor in the
development of MJM in microfluidics, especially looking for
applications in biomedical devices.

One of the first applications of material jetting in micro-
fluidics was provided by the pioneering work by Whitesides
et al., where 3D printing was first used for the fabrication of
sub-millimetric molds for PDMS devices.’® Subsequently,
molds for PDMS®” as well as proper microfluidic devices were
made with an acrylic-based resin.”® A thorough analysis of the
limits of resolution achievable with inkjet technology by the
prototyping of microreactors was also reported.>® As a further
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strategy, material jetting was also used to print joinable
modules.®® Moreover, applications for biomedical purposes
and diagnostics have been proposed.®**>

Material extrusion

This is by far the most popular AM technology, as well as the
one acknowledged by most as actual “3D printing”. The proper
name for this methodology is fused deposition modelling
(FDM) and it consists of the fabrication of three-dimensional
pieces by subsequent deposition of layers of a polymeric
material (most commonly ABS and PLA). The material is
unwound from a spool and conveyed to a movable heated
extruder. Here, the polymeric filament is fused and ejected
through a nozzle on the underlying layer. Material extrusion is
easy to use, comfortable, safe, quite reliable over time and
generally cheap. Post-processing is considerably simplified,
which makes it an excellent solution to reduce waste material.
Although these characteristics should encourage its application,
FDM has severe limitations in accuracy. Being based on the
extrusion of a polymeric material that is deposited in adjacent
rows, it is extremely difficult to adapt it to the manufacturing of
pieces, whose dimensions fall below one millimetre. Printing
times are also much longer than those required by vat photo-
polymerization or material jetting, as the layers are built point by
point. The real potential of material extrusion comes from a
surprising peculiarity of this technology: the process can be easily
interrupted and launched again at any time. Scotti et al took
advantage of this feature to allow the insertion of a magnetic
stirrer into the reaction vessel of a 3D printed polypropylene
reactor before closing the structure by subsequent extrusion.®®

FDM for chemistry and microfluidics was pioneered by
Cronin and coworkers, who reported the low-cost fabrication
of a reactor comprising scaffolds for electrochemical and
spectroscopic analyses. The authors also reported applications
for both organic and inorganic syntheses.®® Microreactors
comprising few mm width channels have been printed using
polypropylene as a printing material.®*®¢

A brief comparison of the technologies described so far is in
Table 1.

Applications
Templates for PDMS

The simplest application of 3D printing in microfluidics is the
production of templates for PDMS. The added value of 3D printing
is the ability to achieve complex designs in a single step, such as
multi-layer templates or pipes of variable thickness. In addition, 3D
printing allows considerable saving of time and equipment.

Digital light processing photopolymerization has already been
extensively run-in, leading to excellent results. In particular, the
DLP printer produced by Miicraft™ (Taiwan, China) - whose high
performance in printing accuracy has earned it a prominent place
in both orthodontics and jewellery industries - has a resolution
between 30 and 60 pm in the xy spacing, while up to 5 pm in
layer height.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparison of the advantages and limitations of the AM technologies examined in this paper
Minimum channel
Technology Advantages Limitations thickness® Main ref.
Vat photopolymerization Highest resolution Mainly toxic polymers 18 um (BYU 42, 44, 48, 50,

Easy customization by varying curing depth,
wavelength, intensity and time.

Easier removal of non-polymerized

material (post-processing)

Material jetting Multimaterial

Suited to print movable structures (e.g. valves)

Printing of multiple devices at a time

Material extrusion Very easy to use
Short times

Very cheap

Easy post-processing
Possibility to stop and restart the printing
process at any time

Long times custom 3D printer)*” 67 and 68
Monomaterial

Expensive ~60 pm 42 and 59-62
Difficult post-processing (Projet 3000HD+)*°

Not many biocompatible

materials

Very low resolution ~500 um (Felix 3.0)°° 42, 65, 66,
Long times 69 and 70

Mainly applicable for batch
millimetric reactors

“ The minimum width achieved in microfluidic coils. Printer model is reported in brackets.

In a method developed by Comina et al.,”" DLP technology

was used to produce PDMS templates with a transversal resolu-
tion of 56 pm and a vertical resolution of 50 pm. Their Miicraft®
printer worked on an acrylate resin not compatible with PDMS.
This required a tailored post-processing. The authors treated
printed templates with ultrasound before applying a coating
with a suitable ink (Pentel NN60). The PDMS was then poured
onto the base and heated to 65 °C for 2 hours. The method was
applied to produce templates that included guides for the
insertion of vertical tubes aimed at the introduction and mixing
of liquids (Fig. 2). This allowed a much easier installation process.
Although the initial purchase cost for a machine is around $2500,
production costs dropped to $0.48 cents per template (Miicraft™).
In addition, it has been verified that thicknesses of the printed
pipes do not affect the economy of the project. The same method
was also used in the production of templates for multilayer
microfluidics. Templates proved to be reusable several times
without loss of quality or important damage.”*

Valves by a customized 3D printer

A significant contribution to the development of high-
resolution DLP printing was made by Nordin et ql.>"*7¢%7%73

Fig. 2 PDMS templates with silica tubing guides. Adapted with permission
from 71.

© 2021 The Author(s). Published by the Royal Society of Chemistry

who built a DLP device and developed custom software on
Python to operate it.

Their printer features a volume of just a few mm?® (coils as
big as 0.12 mm® have been printed) and a UV LED (395 nm
wavelength) for light curing, which allows a wider choice of
UV-absorbent material than the more common LEDs (usually
405 nm wavelength). The printing material contains a poly-
ethylene glycol diacrylate (PEGDA) resin, an organic photoini-
tiator and a component for UV light absorption. The latter was
selected from a list of suitable substances by means of a
systematic protocol where materials that did not meet certain
requirements were stepwise rejected. In particular, the follow-
ing properties have been evaluated: solubility in PEGDA resin,
photo-absorbing capacity, optical penetration in the resin,
required exposure time and influence on mechanical resis-
tance. This research shows how much work is still needed to
optimize small-scale additive technologies and that innovation
will mainly come from the discovery of new materials and
methods on existing machinery rather than from the invention
of new printing techniques.

Nordin et al. also developed a mathematical model to
predict the minimum layer height that can be achieved with
their printer depending on the exposure time to UV light, the
absorbance of the polymer and the concentration of the photo-
absorbent species, ending with a value of 18 pm. Actually, they
were able to produce channels with a section of 18 pm x 20 pm,
which is the best performance achieved so far by additive
technologies.®”

Also, they applied their research to the manufacturing of
microvalves, meeting ever improving results in the past few
years (Fig. 3).>"°75%7273 Their custom 3D printer allowed us to
print valves with a diameter as small as 150 pm (Fig. 4).

Integrated microfluidic circuits

In industrial plants, as well as in laboratories, mechanical devices
able to convey, pump and interrupt flows are fundamental. In recent

Mater. Adv., 2021, 2, 845—-855 | 849
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Fig. 3 Microvalves fabricated with a DLP-SLA 3D printer by Nordin et al.
(@ and b) schematic pictures of an open (a) and closed (b) valve; (c and d)
microscope pictures of an open (c) and closed (d) valve. Adapted with
permission from 51.

2015 (B9 Creator

2,77,77

2016 |Asiga Pico Plus 27 7108,77
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3
2017 00 lim
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0 500 1000 1500 2000 2500

Valve diameter (pL)

Fig. 4 Progressive minimum valve diameters achieved by additive manu-
facturing technologies. Models of printers are reported in bold on the graph.

years, this led to the development of integrated microfluidic
circuits (ICFs). ICFs (based on classic integrated circuits from
electronics) are miniaturized plants comprising pipes, valves,
pumps and switches to convey liquids. In 2015, a team of
researchers in mechanical and biomedical engineering pro-
duced and tested ICF components using multi-material
jetting.”* Results have shown that the technology is particularly
suitable because it allows the user to choose different materials
according to the required mechanical properties at each point.

In addition, as with photopolymerization, resolution lowers
to tens of pm. The study shows how to successfully manufac-
ture ‘“capacitors” (channels with variable section), “diodes”
(non-return valves) and “transistors” (valves with switch func-
tion). Names and pictures associated with each of these devices
strongly recall the world of electronics. Condensers were
designed as circular vessels between two pipes with a dia-
phragm capable of expanding and retracting according to the
pressure exerted by the current fluid. Diodes had a similar
structure but with an internal diaphragm that encloses two
circular vessels. Transistors behaved as diodes with a more

850 | Mater. Adv., 2021, 2, 845—-855
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complex design (Fig. 5). The method followed to produce these
components highlights the potential of microfluidic material
jetting printing. Two nozzles, ejecting photosensitive monomer
for the product and wax for the support structures, were used.
The printed object was adhered on an aluminium surface, then
kept in an ice bath for about five minutes to facilitate the
detachment of the piece. To remove the support structures,
these were heated to 80 °C in an oven and an oil bath to liquefy
the wax in the outer layers. Complete removal of wax was
accomplished by injecting hot oil directly into the printed pipes
and then drying with compressed air. This resulted in a design
with a minimum layer height of 32 um and printing times of
4-5 hours for the most sensitive components such as transis-
tors. Finally, experiments were carried out at room temperature
to test the correct operation of the circuits. This work has shown
that material jetting technology enables the production of versa-
tile, flexible components with the most complex geometries,
featuring good resolution and reasonable printing times.”*

Catalysts

An important and relatively recent field of application of AM is
the modelling of heterogeneous catalysts to be used in industry
as well as microreactors. Catalysts are materials capable of
increasing the rate of chemical reactions. Catalytic power is
mostly determined by surface to volume ratio: larger contact
area corresponds to higher catalytic efficiency. 3D printing
might give an asset to fulfil this requirement. Porous catalysts
often require long synthetic processes under well-controlled
conditions. Additive technologies, on the other hand, make it
possible to create structures on which solid particles can
precipitate, or adhere, according to the desired geometry.
Multi-material printing represents a further strength. Hybrid
catalysts, which include both organic and inorganic units, are
of utmost importance in chemistry. Through direct inkjet
deposition it is possible to formulate the desired composition
a priori and ‘“‘draw” the most suitable profile.

For a start, polymers themselves can be extruded to build
grids with catalytic activity. Nonetheless, due to their small
surface area, it is necessary to mix them with inorganic species
such as metal oxides. Difficulties arise in the preparation of the
composite material, which should maintain its physico-
chemical properties throughout the printing process.

This approach has also been adapted to vat photopolymer-
ization, although it is more convenient to produce templates on
which to model the catalytic material. This strategy was inves-
tigated by Michorczyc et al., whose work was to design and print
a hollow cylinder containing cylindrical bars to be used as a
mould for a multi-cavity catalyst (Fig. 6).”>

Finally, vat photopolymerization allows the polymerization
of properly functionalized monomers. Functional groups, that
are small branching groups of atoms, are exposed to the surface
of the polymer and work as reaction centres (Fig. 7). Digital light
processing allows good control on shape and surface exposure.”®

Carbonisation of extruded thermosetting polymers can yield
carbon-based catalysts. The resorcinol-formaldehyde resin,
having a high degree of cross-linking, maintains its structure

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Microfluidics electronics similitude: (a) capacitor: diaphragm expands with high incoming pressure, (b) diode: fluid can flow from upper to lower
vessel, but the opposite path is prevented by a tapping diaphragm, and (c) transistor: with the aid of an auxiliary fluid pressure is exerted on a piston, which
in turn closes the inlet into the upper vessel. Adapted with permission from 74.

Fig. 6 The metal/metal oxide hollow catalyst from the work by Michorc-
zyc et al. Adapted with permission from 75.

after being carbonized at 900 °C. It also has good rheological
properties that make it suitable for extrusion. Zhou and Liu
from Tianjin University in China, printed a palladium-coated
carbon structure, which showed good catalytic activity in
methane combustion (Fig. 8).”” This demonstrates how remark-
able results can be achieved even with limited resources such as
an extrusion-based 3D printer and an oven.

Most of the techniques described so far comprise the
deposition of a metallic material on the printed substrate,
which in turn determines the catalytic activity. This post treat-
ment can be avoided by preparing inorganic powders modified
so as to work in material jetting technology. Tubio et al
managed to extrude a powder of aluminium and copper com-
pounds, whose viscosity had been modulated with methylcel-
lulose, into a three-dimensional lattice structure (Fig. 9).”% The
monolith was then sintered at 1400 °C to allow the organic
component to evaporate. This resulted in excellent catalytic
properties in organic reactions along with a high degree of
recyclability. After 10 reaction cycles the catalysts showed
no signs of degradation. The method is particularly promising
for ease and speed of production. A similar strategy has been

© 2021 The Author(s). Published by the Royal Society of Chemistry
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applied to print zeolites, extremely porous materials often used
to filter gas, among which is CO,.

Highly porous metallic materials are also the typical pro-
ducts of selective laser melting (SLM), an AM technology
exclusively concerned with metals or semiconductors. Metallic
cells can be designed and properly carved by a high-energy laser
beam conveyed on a powder bed. SLM allows the manufactur-
ing of multi-pore structures with a tunable porosity gradient.”
Although the application of this technique to pristine catalytic
metals (Pd, Pt, Ag, and Au) has yet to be improved, applications
with alloys in flow chemistry have been reported. 316 L stain-
less steel is a very common substrate for SLM and it has been
used in the production of small catalytic vessels.”>*" still, the
resolution of this technique is well below that of traditional
micromachinery, having the minimum achievable wall thick-
ness of around 0.5 mm.> Thus, its application is limited to
millimetric catalytic materials or supports. Further limitations
arise from the difficulty of removing excess powder through the
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Fig. 8 (a) Production of a porous catalyst via deposition of an RF cross-
linked resin, and (b) printed catalyst after carbonization in an oven. Adapted
with permission from 77.

narrow pores of the product. To date, there are not many
available materials for SLS and some alloys might suffer from
dealloying due to the local temperature increase caused by the
laser.®" Nonetheless, very recent applications in chemistry have
been reported. Stainless steel with parametrized porosity man-
ufactured by SLM was used as a support for a copper catalyst in
hydrogen production by methanol steam reforming.”® Other
applications for metallic catalysts showed good reusability.®>
Other than metals, SLM has been used to prepare silicon-based
materials relevant to different technologies.®®
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Fig. 9 Lattice image (a) and SEM image (b) of a mesh structure of a
catalytic material obtained through jetting of inorganic salts followed by
sintering. Adapted with permission from 78.

Future perspectives and conclusions

Labs-on-a-chip and microfluidics are still definitely recent
technologies (born in the early ‘80s), while the application of
additive manufacturing in the field has only been investigated
since a few years ago. Intense efforts are still needed to extend
the feasibility and accuracy of certain technologies to increasingly
complex cases and systems of daily use. Even if photolitography
and other traditional techniques will likely dominate for a long
time, we wish to pinpoint three main advantages of AM in
microfluidics: economy, customizability and wide accessibility.

3D printing surely allows considerable cost saving by provid-
ing an alternative to the strict working conditions imposed by
traditional techniques. The price of a printer for recreational
use has now dropped to ~ $200 for material extrusion. Produc-
tion costs are significantly lower, as shown for Miicraft™ in the
study case of printed PDMS templates at $0.48 each.”

Structures difficult and expensive to achieve by photopoly-
merization can be easily realized by changing print settings or
STL files. Channels of different thicknesses, multi-level tem-
plates and tubing guides®®””' are clear evidence of this
customizability. Creating catalysts with large surface area and
porous features is sometimes impossible with other techni-
ques. Hardware can be customized as well, as demonstrated by
Nordin and Gong.®’

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Workflow of the synthetic process by Rossi et al. Highlighted in
yellow: inclusion of the filtration process in the customized 3D-printed
flow reactor. Adapted with permission from 85.

AM allows one even to rethink technical processes, so that
its customizability is applicable to practical problem-solving.
In a work by Rossi et al., a microfluidic circuit for organic
synthesis was simplified by removing a cumbersome filtration
step needed after the reaction. Thanks to a homemade FDM 3D
printer, the researchers could fabricate an integrated setup
including mixing coils and tubing guides for the filtration
column (Fig. 10).** This is a clear example of how researchers
with no advanced knowledge of engineering or computer
science can improve their work by means of ready-to-use
additive technologies.

Future perspectives include a plethora of applications. Most
recent ones include sensors for engineering and medicine,*®
inertial microfluidic devices for cell and particle separation®”
and organs-on-chips.®®

However, the greatest benefit of additive technologies is to
extend the art of manufacturing to an ever-widening audience.
Little maintenance is required and machines need few settings to
be started. Barrow et al. installed three Ultimaker"™ extrusion-based
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printers in their laboratory to make microfluidic circuits
for research purposes on their own.® AM also encourages
communication since groups can easily share designs to be
printed.®®°*

An ever-wider library of software for design can be found
nowadays. MineLoC, for instance, might represent a revolution
in 3D modelling for microfluidics. It consists of a procedure to
design labs-on-a-chip through the Mineways platform, an open
source rendering program developed according to the logic of
the popular videogame Minecraft (Fig. 11). Models created
can be exported as STL files. It is possible to create designs
with a volume of up to 1000 x 1000 x 120 voxels.’” Finally, as
remarked by Walsh et al., makerspaces (fab labs) might be ““the
new clean rooms”, thus promoting so called DIY chemistry,
biology and medicine."”

More specifically, we believe that the expansion of additive
manufacturing in microfluidics will start, as it is already
occurring, with FDM technologies. In spite of their very poor
resolution, more and more scientists are conceiving 3D printers
as an essential lab tool. Deposition methods will be particularly
suitable for the rapid prototyping of microreactors in order
to study chemical reactions under controllable operational
conditions.

Vat photopolymerization is likely to be the next technology
to be included in every microfluidics lab. Polymeric materials
are the most suitable for the production of miniaturized
laboratories. Upcoming works from materials science will
definitely provide us with a variety of resins, possibly biocom-
patible, having interesting elastic properties and durability.
Moreover, fabricated chips are usually transparent, so that
liquid flows are easier to observe and characterize via optical
methods (e.g. spectroscopy). The future of labs-on-a-chip
highly depends on the advances in this technology especially
in resolution.

Material jetting will be the dominating additive technology
for the manufacturing of mobile parts in labs-on-a-chip. Valves

~H

3D model extracted from blocks

game world

(e)

SLA printed master template

Fig. 11 Pictures from Mineways modeling environment. Adapted from 92.
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and switches are just two examples. Indeed, this is the only
technique allowing easy combination of materials to achieve a
one-shot fabrication of composite tools, combining rigid and
soft moieties. So far, microfluidics has been concerned with
vessels and pipes of fixed sizes, mostly because of the limita-
tions of traditional methods. The works presented in this paper
strongly suggest to us that multi-jet modelling (MJM) might
trigger a revolution in microfluidics, leading to actual micro
machinery for the manipulation of fluids, comprising blades,
screws and pumps. This would be the rise of something which
could be named mechano microfluidics.

In conclusion, the applications of additive manufacturing
to micro-scale devices will grow in the following years if efforts
are made on its peculiar features, rather than on mimicking
methods already applied by traditional techniques. In any case,
we wish to point out that, in the past decades, many research
areas from natural sciences, engineering and industry have
been shifting their interest towards small dimensions, as
demonstrated by the uprising of nanoscience. In the future,
technologies will have to cope with ever-smaller dimensions,
while maintaining a high spatial resolution.
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