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Abstract

Traditional microfabrication techniques suffer from several disadvantages including inability to
create truly three-dimensional architectures, expensive and time-consuming processes when
changing device designs, and difficulty in transitioning from prototyping fabrication to bulk
manufacturing. 3D printing is an emerging technique that could overcome these disadvantages.
While most 3D printed fluidic devices and features to date have been on the millifluidic size-scale,
some truly microfluidic devices have been shown. Currently, stereolithography is the most
promising approach for routine creation of microfluidic structures, but several approaches under
development also have potential. Microfluidic 3D printing is still in a budding stage, similar to
where PDMS was two decades ago. With additional work to advance printer hardware and
software control, expand and improve resin and printing material selections, and realize additional
applications for 3D printed devices, we foresee 3D printing as becoming the dominant
microfluidic fabrication method.
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1. Introduction

Microfluidics are an important tool for analytical chemistry, offering advantages in reagent
consumption, waste generation, process integration, and cost, to name a few. Current
methods to produce microfluidic devices involve micromachining, micromilling, hot
embossing, and injection molding; however, these processes can be time consuming,
imprecise, expensive, or challenging for design changes. In addition, they often require a
dust free (cleanroom) environment to ensure error free devices. Microfluidic devices made
by conventional means also lack a truly three-dimensional architecture and flexibility in
device design. Lastly, the materials commonly used to fabricate microfluidic devices have
drawbacks such as surface adsorption and solvent swelling for polydimethylsiloxane
(PDMS), or gas impermeability and rigidity of thermoplastics such as polymethyl
methacrylate (PMMA) or cyclic olefin copolymer (COC). While microfluidics are an
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important and promising tool to perform many analyses, the fabrication of these devices is
still less than ideal. A better fabrication method is needed that will allow for cheaper, easier,
and faster iterative prototyping and manufacturing of microfluidic devices in many different
materials.

One technique that has recently gained traction for fabricating microdevices is 3D printing,
which offers several advantages over traditional fabrication techniques. Designs for 3D
prints are easily edited and reprinted, thus allowing for testing-based optimization.
Additionally, 3D printed devices do not require a cleanroom fabrication environment. The
consumables for 3D printing are often only the resin and solvent to remove support
materials, so costs can be low. Finally, 3D printing can fully utilize all three dimensions in
device architecture, which should allow unique capabilities to be realized.

There are many published reviews that give excellent overviews of 3D printing to define
terminology and give basic process overviews (1-12). These articles give good introductions
to the field, and we will not belabor those points here. Instead, this work will focus on recent
advances in 3D of printing microfluidic devices, as well as opportunities for future
directions of research.

2. Millifluidics

One of the most well-developed areas of 3D printing for chemical and biological analyses is
termed “millifluidics” (13). Large microfluidic to millifluidic devices consist of 3D printed
fluidic features >200 um, fabricated using stereolithography (SLA), PolyJet (PJ), or fused
deposition modeling (FDM) 3D printers. For many 3D printers, particularly for PJ and
FDM, millifluidic features are the smallest that the printer is capable of producing. Though
many manufacturers advertise <100 um resolution, deliverable fluidic feature size is
typically many times larger than that. This is particularly true for internal features, which are
significantly more difficult to create than surface structures. Although there are many
applications that can only be realized in the microfluidic size domain, millifluidic devices
open up some applications and have been the subject of many publications. Devices built
this way can consist of either passive or actively controlled features.

2.1 Passive Millifluidic Features

Passive millifluidics include features such as channels, reservoirs, and fluid control
structures (14) that are not connected to an external input to activate the device. One
example is coiled channels created by Lazarus’ group (15), which were filled with
electrically driven, magnetic, or conductive fluids to create electronic mimics such as
inductors, transformers, and wireless power coils. Another example is the laminar flow
controlled devices developed by Loessberg-Zahl et al. (16), which were used to inject dye
into gel as a mimic for targeted drug delivery. Optofluidic microviscometers were fabricated
using 3D printing methods and applied to assess the degree of adulteration in milk (17) or
the viscosity of blood (18).

Another type of commonly printed feature in devices with passive channels is a fluidic
mixer. These mixers typically consist of channels configured to cause multiple fluid streams
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from independent inputs to mix. Numerous examples of these 3D printed devices have been
published (19-25) including ones from the groups of Breadmore (26), Folch (27), and
Malmstadt (28) (Figures 1A, B, and C, respectively). While an important aspect of these
mixers is that they can be used in a variety of applications, a downside is the size of the
features; with >200 um channels, significant dead volume is present and many stages are
needed to fully mix solutions.

Fluid mixers, along with many other passive features, are often dependent on the device
material’s surface properties; a comprehensive characterization of the surface roughness,
transparency, and sealing to glass or other materials can be important considerations (29).
However, due to the nature of 3D printing, attention must also be paid to the type of printer
being used to create the device, as this can play a significant role in surface properties and
feature size (30-31). Additionally, printer settings such as the angle and orientation of
material deposition during printing can also affect, and sometimes be leveraged (32) for,
specific surface properties. Usually, SLA 3D printers yield the smoothest surfaces and the
best resolution (33), however, many applications can still be realized using rougher,
millifluidic-sized features.

2.2 Active Millifluidic Features

In contrast to passive fluidic features, active ones require connections to an external input to
activate. A commonly created active feature is a valve, and by extension, a pump. Though
3D printed valves can have several different configurations, one of the common types uses a
deflected membrane to seal parts of channels to drive fluid flow, such as those from the
groups of Thiele (34), Folch (35), and Nordin (36). Though this type of valve is commonly
produced with PDMS, doing so with a 3D printer often requires extra consideration
regarding the flexibility and strength of the printed material. Since this can be difficult, other
types of valves can sometimes be preferable. For example, Ismagilov et al. (37) created an
alternate pump design which was powered by an evaporating liquid vapor pressure system,
and Wu’s group (38) created a rotating valve that used manually applied torque to drive fluid
flow. While valves are a useful and important component of many fluidic analyzers, they are
active components and often require connections to external pressure or pumps to deliver
fluid. Additionally, with commercial 3D printer and material capabilities, most valves
created are quite large (some >1 mm), leading to substantial dead volume (smaller valves are
discussed in Section 4).

Another active device component which has gained considerable interest is a droplet
generator, and several groups have worked to create such 3D printed features and assess
their performance. Similar to many other fluidic features, the performance of a droplet
generator can be quantitated, both by analyzing the size of the droplets (39) and by
comparing droplet homogeneity in a 3D printed device to that in established materials such
as PDMS (40). In addition to single-layer droplets, 3D printed devices have also been used
to create multilayer droplets (41-42) (i.e., oil/water/oil or water/oil/water) like those shown
in Figure 1D. Notably, with 3D printed devices, droplet production can easily be scaled up
by using many parallel generators that feed into a single collection zone (43).
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Once created, a droplet generator can be placed within the larger framework of a complete
analytical device via integration with other components. For example, Morgan et al. (44)
combined a generator module with T-junctions and flow focusing chambers to encapsulate
stem cells, while Roux’s lab (45) produced a special adapter with a series of conical nozzles
that could be connected to three different fluidic inputs to create nutrient-enriched spheroids
to grow neuronal cells. As cell-based assays are among the most common applications of
droplet microfluidics, these are both interesting and important applications of 3D printed
devices. However, in both cases, the channel sizes are large (most droplet generator channels
are >500 pum), which does not allow applications where smaller droplets are needed, such as
for single-cell manipulation.

2.3 Integrated Millifluidic Devices

As with conventionally fabricated microfluidics, 3D-printed fluidic devices become more
useful for analyses when some amount of integration is achieved. Such integration could
involve the incorporation of external components such as optical fibers for spectroscopic
analysis (31, 46-47), electrodes for electrochemiluminescence detection (48-50) or stripping
voltammetry (51), or packed beads(52-53) or sorbent beds (54) for chromatographic
analysis. Alternatively, such integration could involve the joining of several on-chip
components or sample pre-processing steps (49) such as the previously mentioned droplet
generators (44-45) or like Sochol and coworkers (55) performed with their fluidic circuitry.
In some instances, the integration of features is made possible simply by the multi-material
nature of 3D printing, such as a printed membrane for reagent diffusion (56).

While the previously cited examples primarily dealt with the creation of 3D printed
structures for spectroscopic, chromatographic, or electrochemical assays, there also has been
significant interest in developing cellular analyses. For cells, material biocompatibility is a
major concern. In an effort to obtain more widely applicable devices, Folch’s lab has
developed a resin and method for treating poly(ethylene glycol) diacrylate (PEGDA)
millifluidic devices to render finished devices biocompatible (57). Several other groups
including those of Wagner (58) and Verpoorte (59) have also tested the biocompatibility of
other 3D printing materials for cell-based applications. Several different types of cell-based
assays have been performed such as cell sorting using helical-shaped channels (60) and
bacterial cell counting in droplets using capacitively coupled contactless conductivity
monitoring (61). Another device created by Velasquez-Garcia’s lab (62) focused on
capturing specific cells and maintaining tumor fragments and cells in fluidic channels in a
biocompatible and clear resin. The Spence and Martin labs have been at the forefront of
using 3D printed fluidic channels for monitoring cell health and secretion (63-64).

Beyond all of the previously mentioned integrated millifluidic applications, there are a host
of other applications that can also be achieved using 3D printed millifluidic devices
including DNA gel electrophoresis (65), concentration of biorelevant molecules (66), and
assays for parasites like malaria (67). Likely, the full suite of available applications has yet
to be realized; however, there are also many improvements that should be made to these
millifluidic devices. Researchers are still limited by the resolution of most commercial 3D
printers. Many, though not all, of these millifluidic assays were performed on this size scale
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because it was the minimum achievable feature size rather than the desired or optimal size.
Additional research is needed regarding methods and printing materials that allow for truly
microfluidic features to be created.

3. Surface and Multi-Material Microfluidics

As more researchers have begun exploring the possibility of using 3D printers to create
microfluidic devices, it has become abundantly clear that the advertised specifications of a
printer rarely match the minimum printable feature size. This is often because printer
resolution measures the mechanical or optical capabilities of the printer (i.e., motor step size,
nozzle diameter, pixel size, etc.), even though that resolution may not be possible for printed
features. This discrepancy primarily exists because the creation of tiny features is not only
dependent upon printer specifications, but also on the print material, the location and shape
of the fluidic features being printed, and a host of parameters specific to the printer type (i.e.,
infill rate, light source power and wavelength, motor speed, etc.).

Because of the difficulties in creating small interior fluidic features, particularly in a material
that is a desirable match with the application, many groups have only been able to partially
embrace the benefits of 3D printing. Thus, some have settled for using 3D printing in a
manner similar to traditional fabrication methods, where only 2D or 2.5D fluidic features are
possible. Rather than using 3D printing to perform one-step fabrication of three-dimensional
microfluidic devices, many structures are created by either using the print as a template for
another material (2D), particularly PDMS, or by bonding printed surfaces together for a
pseudo 3D device (2.5D). Although not truly three dimensional, these surface feature
devices still allow for rapid device prototyping iterations, but this comes with the complexity
of post-print and multi-step processing.

Within these noted constraints, surface feature devices can be advantageous for creating
microfluidic structures. Although small interior features can be difficult to fabricate, such
high-resolution features, both positive and negative, can be more easily created on a surface
than in the interior of a device. The use of surface features also alleviates some material
concerns by allowing devices to be constructed from multiple, different, or less-than-ideal
materials (i.e., not optically transparent, high surface roughness, etc.). Surface feature
devices can be grouped into the following categories: PDMS casts, bonded devices, and
embedded features. Each is described below.

3.1 PDMS Casts

PDMS casting or soft lithography was already a common technique for the fabrication of
microfluidic devices prior to the introduction of 3D printing to the field. The use of PDMS
can be advantageous due to its biocompatibility and ease of use, particularly compared to
glass devices. However, this ease of prototyping comes with the inability to bulk
manufacture these devices. Indeed, PDMS fabrication requires manual labor to cast, peel,
and bond the devices. Nevertheless, PDMS is a common microfluidic device prototyping
material, and as such, the 3D printing of molds for making PDMS devices is quickly
becoming commonplace.
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In casting PDMS on a 3D printed template, it has been observed that the 3D print is not as
smooth as the silicon wafers that are often used. As such, the surface roughness of the
PDMS after casting must be characterized to see if it is sufficiently smooth to match the
application (33, 68), and, depending on the type of printer used to create the template, the
surface may be treated with a solvent to smooth these layers (69) (Figure 2A-B).

Likely due to the surface chemistry or roughness of 3D printed templates, several groups
have found it necessary to coat the 3D printed template surface prior to PDMS casting
(70-71). This coating has the dual purpose of making it easier to peel the PDMS off, as well
as providing a barrier to the 3D printed material that may inhibit PDMS polymerization,
particularly for SLA templates (which is unfortunate as they are often the smoothest prints)
(33). As an alternative to coating the surface for easier liftoff, the 3D printed template can be
dissolved away to leave behind the desired structure; however, few groups have used this
method effectively. In finding a material that can be easily dissolved without damaging or
swelling the PDMS too much, only two-dimensional printing of substrates such as wax (72)
or sugar (73) has been shown.

Interestingly, a few methods have been developed by which PDMS soft lithography can take
advantage of the full three-dimensional capabilities of 3D printing. While it is not difficult to
cast PDMS over a 3D object, as it can easily fill in around the printed template, the difficulty
comes from removing the mold. One method to do this is to simply design the piece in such
a way that it can be manipulated out of void areas such as by twisting a spiral (68) or
pushing the sacrificial material out through the void spaces (74). However, this method is
only viable for certain geometries, and no application has yet been shown. Another option
was used by Chan et al. (75) by selectively tearing the PDMS during template removal as
shown in Figure 2C. The tears were then closed off by the elasticity of the PDMS, and later,
more permanently, by additional thermal curing. A final option is to simply dissolve away
the 3D printed template after molding is complete (76-77). While this means that each
template can only be used once, it also allows embedding of permanent electrical and
magnetic components into devices without the need for bonding steps.

3.2 Bonded Devices

Rather than only using the 3D printed part as a soft lithography mold, many researchers
utilize the 3D print as the device itself (or as part of a device), taking advantage of higher
resolution available on the surface, compared to the interior of a device. While this use of
surface features to create a device eliminates the need for a master, it still requires some
additional processing or bonding time.

Unlike for their molded PDMS counterparts, the bonding procedures for surface features in
3D printed devices are quite numerous. Some chips can be directly printed in the desired
substrate to which they will be bonded (78-80), while others are simply sealed with tape (81)
or another adhesive. One interesting option is simply to not bond the device at all, but rather
to seal both the top and bottom of the channel by sandwiching a structure between two
surfaces (Figure 2D) (82-83). More common than either of these approaches, however, is to
simply bond two 3D printed pieces together using the same material that the pieces were
fabricated from (58). In the case of a photopolymerizable resin, this bonding process can be

Annu Rev Anal Chem (Palo Alto Calif). Author manuscript; available in PMC 2021 June 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Nielsen et al. Page 7

as simple as a stamp-and-stick approach followed by UV light exposure. For other plastics,
bonding can be performed by chemically softening the material and then pressing the semi-
melted pieces together as performed by Anciaux et al. (84) who softened acrylonitrile
butadiene styrene (ABS) with acetone vapor.

As mentioned previously, one of the main problems still to be addressed with 3D printed
devices is the need for more materials, particularly for SLA and PJ printers that can achieve
the smallest features. Especially for applications with a need for a specific reactivity or for
optical detection (80), it can be advantageous to embed certain materials into a printed
device. One method involves pausing the print at the desired point; placing or gluing the
membrane, glass slide, or other insert into place; and then resuming the print (85). However,
this method is typically only possible for FDM printers, unless a significant amount of user
interaction is involved. Otherwise, it is usually simpler to fabricate a chip in multiple pieces
and embed the desired parts during post-print processing (58, 81, 83). Some applications
may also require the 3D printed surface to be coated prior to the integration of other
components, such as with a sputtered metal coating for an electrical-based assay (86).

4. Improved SLA 3D printing for small channels

One of the most promising areas for 3D printing microfluidic devices involves using digital
light processing (DLP) based SLA. As has been demonstrated by several groups, a suite of
custom printers and materials has been successfully leveraged to embed microfluidic
structures with features routinely <50 pm. One of the first demonstrations of custom 3D
printing resins looked at the optical penetration of light into a resin and showed the
importance of careful matching of optical properties of the resin components to those in the
light source (87). The custom resin thus developed was then used to produce microfluidic
pumps much smaller than previously demonstrated and close to the sizes needed for
microfluidic applications (88). In a further demonstration of the need for custom resin
formulations, Thiele’s group (34) demonstrated that smaller valves could be printed using a
custom resin by mixing photoinitiators and absorbers into a monomer in a higher-resolution
commercially available printer. Similarly, Rapp and coworkers (89) demonstrated the need
for custom resins by showing how the careful choice of an initiator and absorber allow for
multi-wavelength polymerization. These works show that there are critical parameters to
optimize 3D printing of microfluidic structures, in terms of careful matching of resins,
especially the absorbance of the photoinitiator and absorber, to the light source of the printer
in order to effectively control the polymerization of material.

A second emerging area that has allowed for SLA 3D printing of microfluidic devices is the
optimization of the printer light source. Malinauskas and coworkers (90) used a femtosecond
laser with a translation stage to create high-resolution, large, movable structures that acted as
scaffolds for cells and photonic crystals (Figure 3A). Others have also demonstrated novel
applications of programmable lasers to reduce the size of microparticle sorting channels
(91), or DLP grayscaling to generate compensation patterns to create 75 um channels for
multilayer droplet generators (92). Our group built a custom 3D printer to create
microfluidic channels with cross sections as small as 18 x 20 pm? in a custom resin
formulated for the 385 nm light source in the printer (93). This printer also created a variety
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of features to test resolution, including ridges, trenches, and micropillars; optimized
resolution facilitated construction of a microfluidic bead trapping device (94), shown in
Figure 3B. This printer was further used to construct a wide variety of microfluidic devices
for diverse applications such as highly parallel chip-to-chip interconnection for easier
interfacing to the macro world (95) (Figure 3C), active mixers (96) (Figure 3D),
microchannels for testing immunoaffinity monolith capture and elution of pre-term birth risk
biomarkers (97), and a microchip electrophoresis setup for the separation and quantitation of
these biomarkers (98).

These works all demonstrate the need for and importance of using appropriately designed
materials for 3D printing of microfluidic devices with SLA, and show that current,
commercially available printers and resins are insufficient for producing microfluidic feature
sizes <50 um that are required for applications such as microchip electrophoresis, single cell
analysis, or creating biological structure mimics. At present DLP-SLA is the only 3D
printing method that has been able to achieve all the criteria to create truly microfluidic
devices.

5. Unconventional and New Approaches to 3D Printing

Though FDM, PJ, and SLA are the most common 3D printing methods for creating fluidic
structures, other methods are also being evaluated for making microfluidic devices. Many of
these new approaches are based, at least partially, on similar technology to the primary three
3D printing methods already described. For example, many printers designed for new
materials such as glass (99) or liquid inks (100) are FDM-based and thus deal with those
same limitations. However, several emerging strategies have potential to improve the
creation of microfluidic devices, as described below.

5.1. Liquid-Filled Voids for PJ Printing

One of the main disadvantages to PJ printing of fluidic structures is the clearing of internal
voids. These voids must be filled with a sacrificial material which is difficult to clear during
post-processing. A recent paper by Castiaux et al. (101), however, may offer an alternative.
Rather than using a sacrificial material to fill the voids, this group manually controlled the
printer software to allow them to fill the void areas with a glycerol-isopropy! alcohol
mixture, and then continued printing on top of the previously printed area. Utilizing this
approach along with the appropriate printing orientation, they were able to form channels as
small as 125 x 54 pmZ2. Though this approach requires some manual processing and deeper
understanding of the 3D printer and software, it offers a promising route to expanding the
possibilities for making sub-100-um feature PJ microfluidic devices.

5.2. Two-Photon Direct Laser Writing (DLW) Polymerization

A common misconception in the fledgling field of 3D printed microfluidics is that the
challenges of typical 3D printers only creating millifluidic features can be overcome simply
by employing sub-micron-resolution two-photon stereolithography. This option looks
attractive initially: two-photon polymerization offers excellent voxel resolution without the
need for resins with high UV absorber concentrations. However, the tradeoff for these
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features is that DLW is extremely slow and has a very limited printing volume. Microfluidic
features are formed one voxel at a time from sets of two photons simultaneously absorbed in
the tightly focused laser beam. This need for laser light focused near the diffraction limit is
responsible for the high resolution of DLW, but also its very slow build time and small build
volume (102).

Because of these severe limitations of DLW, only a few researchers have constructed entire
microfluidic devices with these 3D printers (103-105). More typically, individual
components that require high resolution can be printed directly into an already-constructed
microfluidic device. Some examples of internal features created include membranes (106)
or, more innovatively, 3D structures such as bellows transistors (107) and spring coil diodes
(108) (Figure 4A) which would be extremely difficult to fabricate using traditional 2D
microfabrication methods. When DLW is used to create internal features rather than an
entire device, it opens possibilities for novel applications, although scaling to bulk
manufacturing remains a concern.

5.3. Continuous Liquid Interface Printing (CLIP)

CLIP is a relatively high-speed stereolithographic printing technique that allows for
continuous z-axis motion and growth of a print rather than layer-by-layer formation.
Originally introduced by Tumbleston et al. (109), such continuous printing is made possible
using an oxygen-permeable membrane on the bottom of the resin vat (Figure 4B). When the
oxygen mixes with the resin, polymerization is inhibited creating a “dead-zone” that
prevents the print from sticking to the vat. The thickness of this dead-zone region is
dependent on the build speed (slower speeds yield thicker dead-zones).

Similar to regular SLA printing, feature sizes depend on the resin’s light absorbance.
However, CLIP resins are further limited in resolution because the printing light must
penetrate deep enough into the resin to pass through the dead-zone. Thus, higher printing
resolutions are only available at slower printing speeds. Nevertheless, promising work has
been done to develop multiple resins for CLIP printers (110-112). Another variation of CLIP
has been developed which utilizes two-color irradiation along with a UV inhibitor that
coordinates with the UV initiator to create the dead-zone region (113) (Figure 4C). This
variation of CLIP allows for thicker, adjustable dead-zone regions by changing the incident
light intensities.

Although CLIP has major potential for large-scale manufacturing, it is still a relatively new
technology. Several things still need to be evaluated including increasing resolution to
achieve microfluidic dimensions and, more importantly, forming enclosed features. As yet
the literature has not seen a demonstration of this technology to create a truly microfluidic
device.

5.4. Computed Axial Lithography (CAL)

A recent paper by Kelly et al. (114) offers a different approach for a rapid SLA-type printing
method. They used a series of images from a DLP to expose a polymer resin on a rotating
stage (Figure 4D-E). The inspiration for this idea was how 2D slices from a CT scan are
used to reconstruct a 3D image (or structure). Using the CAL method, they were able to
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construct cm-scale structures in less than one minute. Like SLA, resolution is limited by the
viscosity and absorbance of the resin. Some versatility in materials was demonstrated, but
this technique has not yet been utilized to make microfluidic devices. Importantly, it has
definite potential to enable rapid, scalable 3D print manufacturing.

6. Future Directions for 3D Printing

For decades, researchers have believed that microfluidics could revolutionize the way
routine diagnostic analyses are performed. However, even with numerous papers published
each year, few microfluidic assays ever make it to market. One explanation for the lack of a
so-called “killer application” for microfluidics is that although potential killer applications
may exist, the available device fabrication techniques, particularly soft lithography, are not
scalable to support such applications. Indeed, hundreds of functional designs and devices
may never leave a research laboratory because they cannot make the jump from prototype to
bulk manufacturing. Notably, 3D printing offers the possibility to fabricate microfluidic
devices on both the prototyping and manufacturing scale. However, drawbacks remain (115)
that still need to be addressed, such as resolution, commercialization/standardization of
enabling technologies, and the development of new approaches.

As discussed above, few 3D printing technologies can reach the small feature size scale that
many microfluidic applications require (13). Though some applications can be performed in
millifluidic structures, there are many important analyses only possible at the microfluidic
size scale, which is not presently achievable with current 3D printers on the market.
Additionally, the advertised resolution specifications of a 3D printer rarely equate to
achievable feature size, a mismatch attributable both to printer mechanical control and
printing material. For FDM, the smallest feature size is often limited by the mechanical
reproducibility of filament extrusion, surface striations and roughness, and motor control.
For PJ, feature dimensions are constrained by control over droplet spraying and the ability to
remove support material. Finally, for SLA, the minimum structure size is often dictated by
projected image fidelity (i.e., light focusing and scattering), printing resin absorbance and
viscosity, and software control over printing parameters. Thus, solutions to improve
resolution are two-fold: better mechanical control over printers via hardware and software,
and resin/print material formulations that are specifically designed for 3D printing
microfluidics.

Most commercially available printers and resins have been developed for applications that
do not require the fine control needed for microfluidics. Typically, publications that
demonstrate 3D printed microfluidics involve authors who assume some degree of manual
control over printer operation in order to optimize usage. Notably, as both the printer
hardware and software become more accommodating, users will be better equipped to
access 3D printed microfluidics.

In addition to resins and other materials that improve print resolution, it is important for a
broader suite of materials to be developed that allow for more applications. A key limitation
in switching to 3D printed devices is that they are unable to retain the same surface
modifications or physical properties (i.e., permeability, biocompatibility, etc.) necessary for
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their application and which can be achieved in conventionally fabricated devices. Although
some work (discussed above) has been done to develop new resins, far more comprehensive
efforts will be needed for many applications.

6.1 Improvements Specific to FDM and PJ 3D Printing

In addition to the broadly applicable suggested improvements described above, specific
technologies could help improve the resolution of FDM and PJ printers to more readily
fabricate microfluidic devices. Breadmore’s group (30) demonstrated the benefits and
drawbacks of various types of 3D printers, indicating the superior resolution and surface
roughness of SLA relative to FDM and PJ. One way to improve the feature size is to
decrease the size of nozzles in FDM or the size of droplets produced in PJ, since these are
primary factors in determining the in-plane resolution of printed devices. This improvement
in resolution is likely to improve the surface roughness as well.

A second approach to improve the ability of FDM and PJ to create microfluidic devices is to
develop better fabrication materials. Several interesting examples are found in the present
literature. Qi’s group (116) printed a flexible, stretchable material that also had shape
memory and self-healing properties. This material consisted of urethane diacrylate, along
with a linear, semicrystalline polymer. Gale’s lab (117) produced transparent devices made
with FDM strengthened by an annealing process for high temperature and pressure
applications such as DNA melting with fluorescence detection. In a comprehensive
evaluation of 12 different FDM filaments, Verpoorte and coworkers (59) examined features
such as transparency, autofluorescence, biocompatibility, leakage of connections, and the
produced channel dimensions. The Spence and Martin groups (101) developed the technique
described earlier of liquid filling void spaces in PJ printing to avoid the problem of clearing
support material after printing. While each of these works shows resin development leading
to interesting applications, only the work of Spence and Martin address the issue of channel
size. One difficulty cited in producing channels <50 pm is clearing the support material from
the channels. Typical commercial support materials are not optimized for removal from
microfluidic channels, instead requiring flushing, sonication, and/or heat over many hours.
One challenge for the development of custom materials is that their use can void warranties
on commercial printers. Additionally, printer manufacturers may not yet see value in
developing these resins due to perceived low demand, which is fed by lack of availability in
an unfortunate, self-defeating cycle. Improved supports or resins could be removed through
mechanisms based on solubility, melting, or viscosity differences between the support and
device material. Clearly, novel materials will continue to be critical to improving the
resolution of FDM and PJ printers.

6.2 Improvements Specific to SLA 3D Printing

One of the most promising venues for producing microfluidic channels <50 pm is using
custom resins and custom SLA 3D printers. An early paper by Zheng et al. (118) identified
several key factors to optimizing SLA 3D printing and introduced parameters such as
oxygen content, photon flux and absorber or photoinitiator concentration as potential
avenues for tailoring custom resins. Indeed, custom resins from the groups of Thiele (34),
Rapp (89), Nordin (87, 93), and Lehtinen (119) have been used to successfully create
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smaller channels than was possible with commercial materials. Concurrently, there has been
a push for making biocompatible resins using known biocompatible materials like PDMS
(120) or similar alternatives such as biologically derived, though highly viscous acrylate
resins (121). However, one limitation of many custom high-resolution resins is the color
imparted to the printed device from the absorber and photoinitiator. Since most projectors
emit visible or long wavelength UV light, most custom printed resins are yellow to orange
colored, which can be undesirable for many applications. Deeper UV (~365 nm) light
sources in projectors should allow the use of different absorbers whose absorption spectra do
not encroach as far into the visible, resulting in devices more favorable to optical detection
while maintaining small feature sizes.

In addition to improvements in materials for SLA, there are also great opportunities in the
customization of the 3D printers. In a system similar to a two-photon DLW system, Pearre et
al. (122) used resonant mirrors to speed up printing but maintain 1 um resolution. This
printer was capable of creating approximately 400 x 400 x 400 um?3 cubes in 25 s. In another
work focused on optimizing printers, Waldbaur et al. (123) used a DMD-based system that
had high resolution (2.5 um pixels) with a moving stage to address a shortfall of SLA 3D
printing, wherein high resolution typically necessitates a small print area. By translating the
projected image, large stitched together prints could be created. This issue could also be
addressed through parallelism by forming multiple devices in a single print.

Another drawback of SLA printing is its inability to create multimaterial prints; however,
Bertana et al. (124) attempted to address this shortcoming by creating a sandwich device
having structural features from two commercial resins, to allow PCR on chip. Another type
of printer suited to address this multimaterial issue for SLA used an air jet between layers to
remove unpolymerized resin from the device surface so any printed layer could contain any
amount of different printing resins (125). Ongoing work on optimizing printers could
combine aspects such as translation of high-resolution projectors, parallel printing
capabilities, and multimaterial SLA printing. An important benefit of these areas of research
should also be to help drive the market to make these types of printers and resins
commercially available by demonstrating the wide variety of applications that can be
addressed though 3D printed SLA microfluidic parts.

6.3 New Methods

One of the main disadvantages of the new approaches to 3D printing being developed is that
they require additional testing. Several of the methods described in Section 5 such as CLIP
and CAL have considerable potential to improve the fabrication of 3D printed microfluidic
devices. However, these methods will need to be expanded and the user experience
simplified significantly before they can be applied in either prototyping or manufacturing
microfluidics. Additionally, more applications, and specifically moving to smaller features,
will need to be addressed for these methods to be more broadly adopted.

In addition to those approaches already discussed, there is a need for other new 3D printing
methods to be developed. Currently, there are trade-offs that come with each approach, such
as resolution vs. build area. Could it be possible to integrate the best parts of each printer
type to create a multi-resolution or multi-functional printer that would allow for greater
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flexibility and broader application? A disadvantage to this approach, however, is that
integration of multiple printing methods or resolutions significantly increases the cost and
complexity of the printer. More development is needed to continue lowering the cost of 3D
printers while improving the resolution and user flexibility via software control.

7. Conclusions

3D printing holds promise to revolutionize microfluidics, not only through faster and
cheaper prototyping of devices, but also by providing a pathway to bulk manufacturing and
commercialization of applications. Though much progress has recently occurred in relatively
few years, there are still many improvements to be made to 3D printing. In many ways, 3D
printing of microfluidic devices is at a similar stage to where PDMS and soft lithography
were two decades ago. With this perspective, we expect that 3D printing could become the
dominant (and best) method for microfluidic device fabrication. However, for this to happen,
much more research into material development for all printer types must occur, as well as
better dissemination of the important figures of merit for the creation of microfluidic devices
(i.e., advertised resolution vs. actual achievable minimum feature size, etc.). Additionally,
more applications need to be demonstrated in 3D printed devices. Currently, much of the
work being done is simply to characterize a printer’s capabilities or compare materials rather
than use devices for specific applications. As these applications are more fully realized,
commercial 3D printer vendors will be better able to develop and market hardware and
software to enable the 3D printing microfluidic revolution.
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Figurel.
Fluidic features produced by 3D printing. A) Gradient mixing device consisting of several

intersecting turbulent mixing sections used to measure nitrite concentrations. Reprinted with
permission from ref. 26; copyright 2014 American Chemical Society. B) Mixer consisting of
several connected “F” shaped units that allow streams of fluid to pass and diffuse into each
other. Reprinted with permission from ref. 27. C) 3D printed modular device consisting of
several discrete elements produced in cubes which can be connected together to create larger
functional devices with several purposes; adapted with permission from ref. 28. D) Droplet
generators showing several different water/oil/water droplets containing multiple blue
droplets within a single oil droplet; adapted with permission from ref. 42.
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Figure 2.
Template and surface 3D printed microfluidic devices. A-B) Images showing the surface

roughness of a polylactic acid FDM template before and after smoothing with
tetrahydrofuran solvent. Republished with permission of the Royal Society of Chemistry,
from ref. 69; permission conveyed through Copyright Clearance Center. C) A method of
casting a fully three-dimensional device. PDMS is cast over a 3D printed template and
allowed to partially cure. The PDMS is cracked and peeled off the template then allowed to
fully cure before filling with fluid for experiments. Reprinted by permission from ref. 75,
copyright 2015 Springer Nature. D) Sandwich-style planar mixers printed using FDM then
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sandwiched between two surfaces with interface connections to form fluidic devices.
Republished from ref. 82 with permission of IOP Publishing; permission conveyed through
Copyright Clearance Center.
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Figure 3.
SLA 3D printed microfluidic devices with ~50 pm features. A) Chain-links of varying sizes

as small as 4 um. Reproduced with permission from ref. 90. B) Microfluidic bead trapping
device; 25 pm particles were captured in the traps, adapted with permission from ref. 94. C)
Interlocking microgaskets used to make a 20 x 20 array of interconnected channels between
two discrete devices to facilitate device-to-world interfacing without leaking. Republished
from ref. 95 with permission of the Royal Society of Chemistry; permission conveyed
through Copyright Clearance Center. D) Mixing device consisting of 50 um channels with
valves and a large mixing chamber in the center. Reprinted from ref. 96, with the permission
of AIP Publishing.
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Figure 4.
New approaches for 3D printing of microfluidic devices and structures. A) Two-photon

polymerization of a spring diode inside a microfluidic channel; adapted with permission
from ref. 108. B) Instrumentation setup for CLIP; the build platform is continuously raised
out of a resin vat and polymerization is enabled by an oxygen-inhibited “dead zone” above a
permeable window. Reprinted from ref. 109 with permission from AAAS. C) Instrumental
setup for an alternate approach to CLIP. Polymerization is initiated by the blue light and
inhibited by the UV light. Reproduced with permission from ref. 113. D-E) Image angle
breakdown and instrumental setup for CAL 3D printing. Reprinted from ref. 114 with
permission from AAAS.
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