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In the last two decades, the vast majority of microfluidic systems have been built in polyĲdimethylsiloxane)

(PDMS) by soft lithography, a technique based on PDMS micromolding. A long list of key PDMS properties

have contributed to the success of soft lithography: PDMS is biocompatible, elastomeric, transparent,

gas-permeable, water-impermeable, fairly inexpensive, copyright-free, and rapidly prototyped with high

precision using simple procedures. However, the fabrication process typically involves substantial human

labor, which tends to make PDMS devices difficult to disseminate outside of research labs, and the lay-

ered molding limits the 3D complexity of the devices that can be produced. 3D-printing has recently

attracted attention as a way to fabricate microfluidic systems due to its automated, assembly-free 3D

fabrication, rapidly decreasing costs, and fast-improving resolution and throughput. Resins with properties

approaching those of PDMS are being developed. Here we review past and recent efforts in 3D-printing

of microfluidic systems. We compare the salient features of PDMS molding with those of 3D-printing

and we give an overview of the critical barriers that have prevented the adoption of 3D-printing by

microfluidic developers, namely resolution, throughput, and resin biocompatibility. We also evaluate the

various forces that are persuading researchers to abandon PDMS molding in favor of 3D-printing in

growing numbers.

1. The manufacturability roadblock

Microfluidic device fabrication is presently dominated by
molding approaches based on polyĲdimethylsiloxane) (PDMS)
and thermoplastics.1,2 However, with an increasing focus on
translation and low-cost devices, these approaches are facing
a “manufacturability roadblock”. Manufacturability should
not be confused with high-throughput fabrication. A device is
easily manufacturable when it can be brought to market at a
low cost (including resources and development) using a reli-
able process.3 Unfortunately, it is very difficult for an engineer
to disseminate his/her PDMS device(s) to a community of bio-
medical scientists. Three major challenges have so far hin-
dered the commercialization of PDMS chips: 1) PDMS mold-
ing (including PDMS curing, assembly, bonding, and inlet
punching) is a largely manual process, being hard to fully au-
tomate – which means that fabrication is expensive and
PDMS-molded devices cannot possibly meet the vision of in-
expensive, batch-fabricated MEMS devices; 2) for many years,
the user interfaces (inlets/outlets) of PDMS chips have
consisted of punched or molded holes that are prone to leak-

age and are awkward to connect – as opposed to the leak-free,
intuitive connectors such as the industry-standard Luer-lock,
barbed connectors, etc. that doctors and biologists are used
to working with; and 3) the control systems required to run
microfluidic valves (ranging from the computer, pressure
sources, software, etc.), or even to connect relatively simple
chips, involve engineering expertise and equipment not pres-
ent in most biomedical laboratories.

Devices molded in thermoplastics (e.g. polystyrene,
PMMA, polyurethane, etc.) enable higher throughput, but do
not necessarily allow superior manufacturability. Another
problem with thermoplastics is that since the Young's modu-
lus of hard plastics is typically three orders of magnitude
larger than that of PDMS, any flexural element made of hard
plastic will bend ∼1000 times less than PDMS so it will need
to be built larger to achieve similar deflections. In addition,
bigger valves have lower cutoff frequencies, so PDMS valves
will always outperform plastic valves of similar size. Veres
and co-workers have pioneered the use of thermoplastic elas-
tomers (TPE), mainly styrene-(ethylene/butylene)-styrene block
co-polymer (SEBS), as an alternative to PDMS for high-
throughput microfluidic fabrication.4 However, the academic
community has been reluctant to work with thermoplastics
and injection molding because they are not amenable to
rapid-prototyping: both the equipment and the molds are ex-
pensive, the turn-around times for the fabrication of the
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metallic molds can be on the order of weeks (e.g. ProtoLabs
offers parts in “less than 3 weeks”), and the molding proce-
dure requires substantial expertise. Everyone cannot afford
such an investment in resources and time. Cheaper, more
user-friendly forms of plastic molding exist (e.g. thermo-
forming5 or hot embossing1,6), but with lower throughputs,
less resolution, challenges in valve fabrication, and identical
constraints of bonding and layered design as PDMS molding.

Starting a microfluidics company that produces a molded
device requires very large investments. More than two de-
cades after the foundational paper by Andreas Manz and co-
workers that announced the birth of the “Total Analysis Sys-
tems”,7 the number of companies that have successfully com-
mercialized a microfluidic device is dismally low, with
Fluidigm being the notable exception. While Fluidigm, in-
deed, has had an enormous impact in areas such as geno-
mics, biophysics and biochemistry, the high cost of its chips
and the large size of the investments raises serious doubts
about whether most microfluidics startups can afford to pro-
duce their chips by PDMS or thermoplastic molding.

In the last ten years, NIH launched a massive “transla-
tional” effort to stimulate engineers into thinking about how
to bring their inventions to market, and it soon started bear-
ing manufacturable fruits. In 2008, George Whitesides' group
proposed a creative solution to both the problem of cost and
to the requirement of pumps: make the devices in paper.8 Pa-
per is an inexpensive material, it self-pumps the fluids with
its wicking action, and it can be patterned for pennies in any
office with a simple wax printer. The field took a new turn be-
cause the technology suddenly was able to reach new com-
munities – not only biomedical laboratories, but also
disfavored communities in distant countries. The problem is
that the wicking action of paper cannot be stopped (some
contraptions have been invented, but the cost will no longer
be as low), and paper is not a good medium for cell manipu-
lation, so even a relatively simple, but biotechnologically im-
portant, cell sorting assay seems to face unsurmountable
challenges in the paper format.

In order to maximize manufacturability (and impact), it is
essential to minimize total cost. We would like devices made
of a material that can be rapidly prototyped (like PDMS or pa-
per), manufactured for low cost per unit (like paper or injec-
tion molding), and where laminar flow can also be con-
trolled, stopped, and re-started with negligible energy
consumption and minimal expertise requirements – so that
we can bring, for example, an automated, autonomous cancer
cell sorting assay to rural towns. Here we show many exam-
ples leading us to believe that 3D-printing is the technology
that will allow researchers to dodge the roadblock. 3D-
printing does not aim to substitute injection-molding as a
3D-printer is unlikely to be able to produce tens of thousands
of parts per day. 3D-printing is a rapid-prototyping, 3D digital
manufacturing process that affords production of small
batches of parts while allowing for a smooth transition to
injection-molding for those applications that demand high-
throughput production.

2. 3D-printed microfluidic systems
come in different flavors

“3D-printing” refers to a set of additive manufacturing tech-
niques, which can create solid three-dimensional (3D) objects
layer-by-layer under precise digital control. Of these tech-
niques, the ones that are most relevant to microfluidic device
fabrication are (a) stereolithography (SL) (Fig. 1A), (b) multi
jet modeling (MJM) (Fig. 1B) and (c) fused deposition model-
ing (FDM) (Fig. 1C). Selective laser sintering (SLS) is another
rapid prototyping technique widely used for superior proto-
type design in manufacturing industries. SLS has a diverse
range of biomedical applications, particularly in building
scaffolds for bone tissue engineering, surgical models of
organs, personalized prosthetics and implants, and

Fig. 1 Various 3D-printing techniques. (A) Stereolithography (SL); (B)
multi jet modeling (MJM); (C) fused deposition modeling (FDM), also
termed “thermoplastic extrusion”.

Lab on a Chip Critical review

Pu
bl

is
he

d 
on

 0
4 

A
pr

il 
20

16
. D

ow
nl

oa
de

d 
on

 1
2/

05
/2

01
6 

18
:2

0:
38

. 
View Article Online

http://dx.doi.org/10.1039/c6lc00163g


1722 | Lab Chip, 2016, 16, 1720–1742 This journal is © The Royal Society of Chemistry 2016

biodegradable drug-delivery devices.9–11 However, since SLS
is unsuitable for making microfluidic devices (the powder
precursor is very difficult to remove from small cavities), we
do not cover it in this review.

2.A. By stereolithography (SL)

Stereolithography (SL) is a form of 3D printing invented in
the 1980s that allows for the assembly-free production of
quasi-arbitrary 3D shapes in a single polymeric material from
a photoresin precursor by means of a focused laser or LED
light source.12 While the initial invention by Hull utilized
only material that could be cured by UV, recent advances in
laser technology and photochemistry of resins have enabled
polymerization of photoresins with high-intensity and fo-
cused LED light sources in the visible wavelength.13 The min-
imum feature size (resolution) that is achievable by tradi-
tional SL is dependent on the laser spot size and the
absorption spectra of the photoresins.14

A more recently developed strategy uses digital light pro-
jection (DLP) to expose an entire layer of resin at once (first
shown using a liquid crystal display (LCD)15). In DLP-based
SL, the resolution is determined by the size of the projected
pixel. With the advent of inexpensive digital micromirror dis-
play (DMD) technology and commercially available projec-
tors, the cost of DLP printers has come down significantly.16

In SL, a 3D object is built layer-by-layer by using selective
light exposure to photo-polymerize a precursor resin collected
in a vat. Each layer is projected as an image obtained by digi-
tally sectioning the 3D object into thin slices. The surface
along which the photo-polymerization of the resin takes place
broadly differentiates SL into two approaches17 (Fig. 2). In
the “free surface” approach, used by the earlier SL machines

designed by 3D Systems, the resin is photo-polymerized by a
laser at its topmost surface that interfaces with air. In this
configuration, the metal build stage is always submerged in
the resin vat and is translated downwards into the vat after
every layer is printed (Fig. 2A). On the other hand, the more
recent laser-based and all the DLP systems use the
“constrained surface” approach, where the resin is photo-
polymerized against the bottom surface of the vat. In this ap-
proach, the metal build plate, suspended upside down above
the vat, is brought down into the resin vat for the building of
a layer by photo-polymerization, and is then separated from
the bottom-surface of the vat (that is usually coated by PDMS
for easy separation) and returned to the original suspended
position. This configuration results in the building of the fi-
nal object in an upside-down orientation, and is therefore
commonly referred to as the “bat” configuration13 (Fig. 2B).

Both these approaches have their advantages and draw-
backs. The structural fidelity is superior in the free surface
technique over the constrained surface technique, as the me-
chanical separation step of the bat configuration can induce
stress fractures or bending of delicate features and increase
roughness between layers. However, in the free surface tech-
nique, the vat depth limits the object height, whereas in the
bat configuration, there is no such limitation. Furthermore,
since oxygen inhibits the process of photo-polymerization,
the time of curing is faster in the bat configuration, where
the reaction happens away from the air-resin interface. Some
recent modifications to the constrained surface technique
make the bottom plate permeable to oxygen and utilize con-
trolled oxygen inhibition to prevent the most recently cured
resin layer from adhering to the bottom plate. Since the last
photo-polymerized region remains suspended in the resin,
separating the bottom plate from the built part is no longer

Fig. 2 SL configurations. (A) “free surface” SL technique; (B) “constrained surface” SL technique or the “bat” configuration SL printing. Panels (A)
and (B) are reproduced from ref. 17 with permission of the American Chemical Society.
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needed at every step. The printing speeds can therefore be in-
creased almost 100 times in this “continuous printing”
approach.18

In SL, a microchannel is built by photo-polymerizing the
channel walls and then draining the uncured resin from the
channel cavity, after the printing is complete.19 Fig. 3 shows
a few microfluidic devices built with SL. In 2000, Renaud's
group presented the first SL-printed microfluidic device – a
microfluidic mixer with an arrangement of rigid elements that
enables superior mixing by splitting, combining and
rearranging the flow-lines20 (Fig. 3A). Such an intricate 3D in-
ner architecture, that fully and efficiently mixed fluids (at Re =
12) within 4 mm, was not possible with molding and
layering.21 DMD-based SL has been used to create hollow,
∼1 mm long micro-needles (with a bore diameter of 375 μm)
that could penetrate cadaveric porcine skin22 (Fig. 3B). Lately,
microfluidic devices for immunomagnetic separation of bacte-
ria,23 separation of cells by using helical channels with trape-
zoid cross-sections24 (Fig. 3C), gradient generation25 (Fig. 3D),
emulsion droplet generators,25–28 DNA assembly29 and an oxy-
gen control insert for a 24-well dish,30 to name a few, have
been designed using single-photon SL. The minimum cross-
sectional area of a microchannel that is attainable by SL de-
pends not only on the laser spot-size or pixel resolution, but
also on the type and viscosity of the resin, which has to be ef-
fectively drained from the channels post-printing.31

Employing multi-photon optics can increase the resolution
of 3D fabrication to sub-micron levels by tightly focussing

high-intensity pulsed laser beams to femtoliter volumes.32–34

In multi-photon direct laser writing, the photosensitive group
in a polymer matrix gets excited by absorbing two (or more)
photons simultaneously, which can take place only in vol-
umes that has the highest photon flux.35 The N-photon ab-
sorption rate is a Nth order process and steeply decreases
with distance from the focal plane.35 Very high-resolution 3D
structures can be printed with DLW by moving the tightly fo-
cussed laser beams in the 3D space. However, the speed of
writing is very slow (in the order of mm s−1),32 and DLW sys-
tems are very expensive. Multiphoton 3D fabrication has been
used to create high-resolution 3D protein micro-structures,36

which have been used as “lobster-traps” for bacterial cells37

(Fig. 3E–F) or to capture bacteria and harness its flagellar
motion to drive microfluidic flow.38 While DLW can be used
to fabricate complex and arbitrary 3D structures, it does not
belong to the class of additive manufacturing techniques that
build 3D structures layer-by-layer because it requires dissolu-
tion of material (subtractive processing). Therefore, we do
not cover DLW in detail here (see recent reviews on DLW32,35

and its applications in microfluidics39).

2.B. By multi jet modeling (photopolymer inkjet printing)

Multi jet modeling (MJM) is a form of 3D printing where each
layer is built onto a tray via an inkjet head, which delivers cur-
able liquid photopolymer that is rapidly polymerized by UV. In
cases where overhanging structures or complex shapes require

Fig. 3 Microfluidic devices printed with SL. (A) SEM micrograph of the first microfluidic device (micro-mixer) printed with SL. (below) numerical
simulations of fluid mixing at the indicated cross-sections of the device. (B) SEM of hollow micro-needles fabricated in e-Shell-200 by DLP-SL. (C)
Spiral microchannel with trapezoid cross-section (printed with Watershed) used for size-selective separation of bacterial cells. (D) A complex
microfluidic mixer and gradient generator printed with a commercial desktop SL system. (E) A microfluidic “lobster trap” for bacteria fabricated in
bovine serum albumin with multi-photon SL. (F) A colony of E. coli forming at the bottom of the “lobster trap”. Panel (A) is reproduced from ref.
20 with permission of the Royal Society of Chemistry. Panel (B) is reproduced from ref. 22 with permission of the American Institute of Physics.
Panel (C) is reproduced from ref. 24 under the Creative Commons Attribution-non Commercial-noderivs 4.0 International License. Panel (D) is
reproduced from ref. 25 with permission of the American Chemical Society. Panels (E) and (F) are reproduced from ref. 37 with permission of John
Wiley and Sons.
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support, the inkjets can deliver a gel-like sacrificial material
that may be dissolved after the build is complete. Patented in
1999 by Objet, a company later acquired by Stratasys, this
printing method is also known as “Polyjet” or “Photopolymer
Inkjet Printing”. In a similar 3D printing technique called
“Binder Jetting”, an inkjet head dispenses a mixture of an
aqueous binding agent and a powder instead of the proprie-
tary Objet/Stratasys inks to create 3D objects layer by layer; the
powder itself acts as the support or sacrificial material.

One of the greatest advantages of MJM printing is that the
inkjets can deliver multiple materials at the same time to build
an object, with a wide range of material properties (hard and
soft plastics, elastomers) and different colors.40 However the
material formulations used in MJM printers are proprietary and
expensive, and rigorous biocompatibility and biofunctionality
studies are absent so far. MJM technology has been widely used
in the medical sector to create anatomically accurate models for
orthopedic,41 cardiac42 and intracranial43 surgeries. Both MJM
and binder jet methods can build structures that are compara-
tively large (8 inch cube), and have been used to build proto-
types with smooth finishes and complex shapes, including
manufacturing tools, working gears and metallic electrodes.44

MJM printing is an attractive technology for microfluidic
applications, because of its high resolution and multi-
material printing capability. However a sacrificial material
that can be reliably cleared from an enclosed channel is key

to producing arbitrary microfluidic channel networks in a
single step by MJM printing. Fig. 4 shows some of the micro-
fluidic devices that have been printed with MJM. Linear
microchannels up to 500 μm in diameter, where the internal
cavity is cleared by a cylindrical probe, or sonication and
compressed air, have been built with VeroClear (an acrylate-
based material, from Stratasys).45 MJM-printed flow channels
have been integrated with porous semi-permeable mem-
branes supporting cell culture, to study transport and phar-
macokinetic profiling of drugs46,47 (Fig. 4A). A soluble sup-
port dissolvable with NaOH has been recently released by
Stratasys under the trade-name SUP706. This option might
be better for creating smaller microchannels, but the removal
step is limited by diffusion and still quite challenging. Re-
cently, Sochol et al. used a Projet printer to print integrated
fluidic circuits, having both static and dynamic elements,
with VisiJet M3 Crystal as the photo-curable plastic and wax
as the sacrificial resin. After printing, the wax was cleared by
first heating the entire printed block to 80 °C and then se-
quentially flowing hot mineral oil and compressed air
through the internal channel voids, whose smallest dimen-
sions were ∼200 μm. “Bellow-diaphragms” that were 1–2 cm
in diameter and 150 μm in thickness served as the dynamic
deformable element and were used in designing fluidic ca-
pacitors, diodes, transistors and a multi-flow controller de-
vice48 (Fig. 4B). A microfluidic mixer and homogenizer49

Fig. 4 Microfluidic devices printed with MJM. (A) A microfluidic device printed with Objet Connex 350 using vero white plus as the resin,
incorporating adapters for syringes, 8 channels, inlets, outlets and a port for inserting a polycarbonate membrane for cell culture. (Below) side
view schematic of the device. (B) A multi-flow controller device using four fluidic transistor modules, 3D-printed with a Projet 3000 HD printer,
using Visijet M3 crystal photo-plastic resin. (C) A fluid mixer and homogenizer printed with Objet Eden 250 using the Full Cure 720 resin. (D) A
schematic and photo of a polyjet-printed nuclear magnetic resonance (nmr) “bubble pump”. Panel (A) is reproduced from ref. 46 with permission
of the American Chemical Society. Panel (B) is reproduced from ref. 48 with permission of the Royal Society of Chemistry. Panel (C) is reproduced
from ref. 49 with permission from elsevier. Panel (D) is reproduced from ref. 51 with permission of the Royal Society of Chemistry.
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(Fig. 4C) and a microfluidic channel (375 μm square) inte-
grated with an electrode in the wall-jet configuration was
printed with an Objet Eden printer (using Full Cure 720
resin) and employed for electrochemical detection of cate-
chol.50 A bubble pump with vertical channels that can be
closed by a separately fabricated lid has been assembled51

(Fig. 4D). The multi-material printing property of Polyjet
printing has been cleverly employed to build a lid that can be
used to pressurize or pull vacuum from inlets of a micro-
fluidic device.52

2.C. By fused deposition modeling

Fused deposition modeling (FDM) or “thermoplastic extru-
sion” is a form of 3D printing where a heated thermoplastic
material is extruded from a motor-driven nozzle head that
can move in three dimensions. The material hardens by
spontaneous cooling immediately after extrusion. FDM was
invented by Scott Crump (patent awarded in 1992) and com-
mercialized by Stratasys. An open source development com-
munity has flourished after the expiration of the original
FDM patent, leading to a number of inexpensive printers that
are sold as do-it-yourself (DIY) kits or as commercial models
(for example, MakerBot53). FDM has been used to print a
wide range of cheap and biocompatible polymers like acrylo-
nitrile butadiene styrene (ABS), poly-lactic acid (PLA), polycar-
bonate, polyethylene terephthalate (PET), polyamide and

polystyrene. However, since the extruded material immedi-
ately hardens, the adjacent layers are not well fused, resulting
in low structural strength of FDM printed objects. Incorporat-
ing a heated enclosure increases the inter-layer fusion and
structural integrity, but does not eliminate the defects.54 Re-
cent improvements like gamma-irradiation post-printing to
promote cross-linking between layers,55 and employing ther-
mally reversible Diels–Alder reaction to create covalent bond
formation upon cooling, have resulted in increased intra-
layer strength of FDM-printed objects.54 A related strategy of
FDM, where liquid precursors like metallic solutions, hydro-
gels, cell-laden solutions, etc. are extruded through a nozzle-
head, has been employed to create LEDs,56 batteries,57 strain
gauges on flexible substrates,58 antennas,59 interconnects,60

and electrodes within biological tissue.61

Microchannel fabrication with FDM has been a challenge
because of several reasons: (i) the filaments laid down by the
extrusion process cannot be arbitrarily joined at channel in-
tersections; (ii) the lack of structural integrity between the
layers result in weak seals; and (iii) the size of the filaments
extruded are larger than typical channels used in micro-
fluidics. In a recent report, a fluidic channel device with a 3
mm diameter tube and 5 mm walls has been fabricated with
FDM using ABS polymer; but the device leaked and could
not hold over 20 bar of pressure.62 Leroy Cronin's group
showed the flow of dye solutions through FDM printed 800
μm wide channels made of polypropylene63 (Fig. 5A), and

Fig. 5 Microfluidic devices printed with FDM. (A) Microfluidic device used as a chemical micro-reactor, printed in poly-propylene by FDM with a
3dtouch printer. (B) Microfluidic mixer for nanoparticle synthesis, printed with makerbot replicator 2×, by extruding pet and abs filaments for the
device and the connectors respectively. (C) A microfluidic flow-based immuno-array for detecting protein biomarkers of cancer, printed with PLA,
using makerbot replicator 2×. (D) Schematic drawing showing sequential printing of 350 μm wide microchannels in polycaprolactone, a silicone
sealant, and a polycaprolactone cell compartmentalization chamber to make a 3D-printed nervous-system-on-a-chip device. (E) Schematic of the
tri-chamber with peripheral nervous system neurons in chamber 1, Schwann cells in chamber 2, and epithelial cells in chamber 3. (F) Photograph
of the nervous system on a chip device, 3D-printed with a custom printing system. Panel (A) is reproduced from ref. 63 with permission of the
Royal Society of Chemistry. Panel (B) is reproduced from ref. 65 with the permission of the American Chemical Society. Panel (C) is reproduced
from ref. 66 with permission from Elsevier. Panels (D)–(F) are reproduced from ref. 67 with permission of the Royal Society of Chemistry.
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also built “reactionware” to hold fluids by extruding acetoxy-
silicone polymer.64 Rusling's group built microfluidic devices
with 800 μm square channels (printed by extruding PET and
PLA filaments) for amperometric detection of hydrogen per-
oxide65 (Fig. 5B) and immuno-array based detection of can-
cer protein biomarkers66 (Fig. 5C). McAlpine's group recently
used a custom FDM printer to fabricate a multi-scale, biomi-
metic, compartmentalized nervous-system-on-a-chip device
that enabled a co-culture of neurons, glia and epithelial
cells.67 The device was built by printing, first, 350 μm wide
polycaprolactone microchannels (for guiding axons),
followed by silicone sealant (for fluidic isolation of the
chambers), and finally a tri-chamber made with poly-
caprolactone (for keeping the fluidic environments of the
neurons, glia and epithelial cells separate) (Fig. 5D). A sche-
matic of the device is shown in Fig. 5E and a finished device
on a glass-bottom petri dish shown in Fig. 5F.

FDM also allows for creating 3D microfluidic molds in a
sacrificial material that gets dissolved after the bulk material
is infiltrated, thus allowing for assembly-free 3D replica-mold-
ing. Jennifer Lewis' group has fabricated complex microfluidic
mixers by permeating an FDM-printed sacrificial scaffold of or-
ganic ink with a UV-curable epoxy resin and then thermally
extracting the ink by heating to 60 oC (ref. 68) (Fig. 6A and B).
Using a similar approach, Miller et al. created an endothelial
cell lined vascular network embedded in an engineered tis-
sue.69 A sacrificial carbohydrate scaffold was FDM-printed and
surrounded with live cell-laden extracellular matrix; the sugar
scaffold was then dissolved with cell culture media and the
voids were seeded with endothelial cells (Fig. 6C). Atala and
co-workers used FDM to print human-scale engineered tissue

constructs with patterns of poly-caprolactone and cell-laden
hydrogel and a sacrificial polymer Pluronic F-127, which was
later dissolved to form 500 μm × 300 μm microchannels for fa-
cilitating nutrient diffusion to the cells.70 Bhargava's group
employed the same approach to make a microfluidic channel
network in agarose by extruding isomalt, a sugar alcohol with
a glass transition temperature of 55 °C, as the sacrificial scaf-
fold, which dissolved when surrounded by the agarose hydro-
gel71 (Fig. 6D). Similarly, a 3D microchannel network in PDMS
was built by curing PDMS around a FDM-printed ABS channel
network, which was later dissolved in acetone.72 The limitation
of this approach is that only channels with circular cross-
sections and orthogonal junctions can be fabricated, which
hinders microscopy observations and might prevent such de-
vices from being used in several key microfluidic applications
such as cell separation and cell reactors.

Recently, Dolomite Microfluidics announced a desktop
FDM printer, called Fluidic Factory, which is the first com-
mercial printer specifically designed and optimized for creat-
ing completely sealed 3D microfluidic devices.73 For creating
the devices, the printer uses cyclic olefin copolymer (COC), a
solvent-resistant, hard, transparent and medical-grade plas-
tic. Although the resolution limit of the COC layers deposited
by the nozzle is 320 μm (w) × 125 μm (h), the microchannel
dimensions would likely be higher, because of the challenges
associated with removing sacrificial layers that define the
channel voids. While the printer is significantly more expen-
sive than a MakerBot and can only produce translucent
prints, the ability to create leak-free, closed and impermeable
microchannels in COC with a desktop FDM printer repre-
sents an exciting development.

Fig. 6 Microfluidic networks produced by molding from FDM-created scaffolds. (A) Schematic of polymer extrusion, which is then removed to
create a 3D microfluidic mixer. (B) Optical micrograph of a complex 3D chaotic microfluidic mixer in operation. (C) Casting of patterned vascular
networks using an FDM-printed carbohydrate lattice network. The lattice structure is first surrounded with fibroblasts encapsulated in a fibrin-gel.
Endothelial cells are injected into the voids created by dissolving the lattice. (Insert) endothelial (huvec) lined lumen formation surrounded by fibro-
blasts (10t1/2) after 9 days of culture. (D) FDM-printed sacrificial isomalt scaffold, which is then embedded in agarose for casting; the carbohydrate
quickly dissolves in the agarose hydrogel and forms microchannels. Panels (A) and (B) are reprinted from ref. 68 by permission from Macmillan
Publishers Ltd: nature materials, copyright 2003. Panel (C) is reprinted from ref. 69 by permission from Macmillan Publishers Ltd: nature materials,
copyright 2012. Panel (D) is reproduced from ref. 71 with permission of the Royal Society of Chemistry.
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3. Transition from soft lithography to
3D-printing

The microfluidics community has been understandably slow
in adopting 3D-printing. Despite the advantages offered by
3D-printing over soft lithography, at present PDMS has still
superior properties and there are several critical barriers that
need to be overcome. As these barriers are overcome, we be-
lieve that the transition from soft lithography will be
inevitable.

3.A. Advantages and disadvantages of PDMS molding

PDMS features eight key properties that have made it become
the material of choice for rapid prototyping in microfluidics.
PDMS is 1) easy to mold; 2) elastomeric; 3) biocompatible; 4)
transparent; 5) gas-permeable; 6) impermeable to water; 7)
inexpensive; and 8) copyright-free. Importantly, PDMS mold-
ing features very high resolutions; Quake has demonstrated
PDMS microvalves with footprints as small as 6 μm × 6 μm.74

However, PDMS molding suffers from the amount of manual
labor involved in the fabrication process. The general proce-
dure for molding a device in PDMS starts with the master
mold (usually fabricated via photolithography or CNC mill-
ing), a molding process, inlet punching, and a chemical
bonding step to seal the channels. However, the molding and
assembly steps require extensive human labor and are diffi-
cult to automate because the exact procedure varies from de-
sign to design – so the process is not ideal for commercializa-
tion or for large-scale clinical trials. Fluidigm is an excellent
example of a microfluidic-automation company that has
succeeded in bringing state-of-the-art PDMS chips containing
microvalve arrays to the market, but the chips cost several
hundred dollars per unit. In addition, 3D PDMS designs are
produced by layering and thus cannot be arbitrarily complex
(e.g. nozzles or coils are difficult to produce). Aligning of
PDMS layers in academic laboratories is challenging75 and
therefore the assembly of multi-layer PDMS devices to
achieve advanced fluid routing suffers from dependence on
individual skill and poor reproducibility.76 High-throughput
molding of plastics by injection molding is available but the
cost of the metallic molds can be an obstacle for prototyping
and commercialization and is also limited by layered design.1

3.B. Critical barriers that have prevented the adoption of 3D-
printing

Despite the above-mentioned limitations of soft lithography,
the microfluidics community has been slow in adopting 3D-
printing because this new technology still has its limitations.
The features and barriers that distinguish 3D-printing from
soft lithography and are most relevant for the microfluidics
community are summarized in Table 1. Interestingly, the
strengths and limitations of 3D-printing have historically
been almost the mirror image of those of PDMS molding:
3D-printing is a fully digital, automated 3D technique (mini-
mal labor, no assembly), however microfluidic engineers are

legitimately concerned about the cytocompatibility of the
resins used for building the microchannels and also the in-
sufficient patterning resolution or throughput for
manufacturing microfluidics (PDMS molding also suffers
from low throughputs).

On the other hand, the current resolution of commercial
3D-printers does not match yet what is routinely achievable
by soft lithography and we are still on the lookout for a versa-
tile and biocompatible resin that matches PDMS. Both 3D-
printing techniques and soft lithography suffer from low
throughput. However, the fast pace of innovation in SL- and
MJM-based 3D-printing in the last 2 years, primed by the ex-
piration of key patents and the emergence of competing plat-
forms, is ushering in significant improvements in resolution
and throughput.

3.C. Overcoming the critical barriers

3.C.1. Resolution improvements in 3D-printing. Present
3D-printing techniques have not yet matched the kind of res-
olutions that are required, for example, to stretch single DNA
molecules,83 and are achievable with PDMS or plastic-based
micromolding. Multi-photon SL systems are capable of
micron-level resolutions, but their high costs severely hinder
their dissemination beyond academic research. Below we re-
view the major resolution limitations in 3D-printing systems.

Most of the commercially-available desktop SL-printers are
ill-equipped to pattern transparent resins because they fea-
ture visible-spectrum light sources (405 nm laser or visible-
light DLP). Since SL resins typically have a significantly
higher absorbance at lower wavelengths, UV light sources can
increase the Z-resolution of SL-printing.82 Some manufac-
turers have started selling 385 nm UV-LED DLP-based desk-
top SL printers (Phoenix Touch Pro by Full Spectrum Laser
3D84 and Pico2 and Pro2 from Asiga85) with higher resolu-
tions. However the build size in these commercial printers is
reduced in order to improve resolution. For microfluidic ap-
plications, while high resolution is important, so is the build
area, which should at least be compatible with standard glass
slides that are 75 mm long.

Simulations and finite element modeling (FEM) has been
used to model the complex process of photo-polymerization
and estimate the exposure parameters for achieving the
highest possible z-resolution. Partial differential equations
describing (1) the DMD pixel or laser source light intensity
profile,86,87 (2) the penetration of UV into the liquid mono-
mer solution (Beer–Lambert law),14,88 (3) the chemical kinet-
ics related to polymer chain initiation, propagation and ter-
mination,89 (4) the thermodynamics of chemical bond
formation during polymerization,14 and (5) the diffusion of
the photo-initiator and radicals through the partially poly-
merized resin14,88 need to be solved to get a good a priori es-
timate of the expected resolution. The depth of curing as-
sumes particular importance when building the roof of
microchannels, since light penetration into the void of the
channels can partially cure the resin, making it hard to
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Table 1 Comparison between various features of PDMS-based soft-lithography and three 3D printing techniques that are most relevant to microfluidics
(SL, MJM and FDM)

Features Soft lithography

3D-printing

Stereolithography Multi-jet modeling
Fused deposition
modeling

1 3D-capability Partially achieved by stacking
and bonding multiple layers –
connections between
channels in different layers
can only be orthogonal

Very little topological
restriction in 3D architecture.
Only dimensional limits. High
optical absorption is required
to create microchannel roof

Very little topological
restriction in 3D architecture.
Only dimensional limits. A
sacrificial layer is required to
build the microchannel roof

Limited to circular
channel cross-sections
and orthogonal
junctions

2 Resolution
(of microchannels)

Very high (inherited from
photolithography). Limited by
diffraction.

Current: ∼100 μm channels77

with opaquing agent
Current: ∼300 μm voids48

(750 μm channels)
Current: ∼350 μm
(ref. 67)

5 μm wide channels are
standard. Sub-micron
resolution possible with
appropriate photomasks

Hydrodynamic limit: draining
channels of viscous, uncured
resin

Removal of support material is
diffusion-limited (slow for
long narrow channels)

3 Material
properties
a. Chemical
composition

PDMS (open-source) Proprietary photoresins
(Somos, Ormocer, Fototec,
FormLabs, BV, Watershed, etc.)

Proprietary photocurable
polymers (Visijet, FullCure,
Vero)

Open-source
thermoplastics (ABS,
PLA, polycarbonate,
polyphenylsulfone,
polypropylene,
polyamide, COC, etc.)

PEG-DA (open-source)
b. Solvent
compatibility

Water-impermeable Commercial resins are
water-resistant. Varying
resistance to organic solvents
(Somos 5530HT, 9920 is
resistant to most solvents,
Watershed is not resistant to
ethanol). Higher MW hydrogel
resins are not water or solvent
resistant

Data not available (for resins
available from Stratasys, 3D
Systems)

Thermoplastics are
water resistant. Varying
chemical resistance78Swells in organic solvents

c. Gas
permeability

Well-studied high gas
permeability79

Most SL resins are hard plastics
with poor gas permeability;
commercial elastomeric SL
resins are typically sold
uncharacterized

Data not available (for resins
available from Stratasys, 3D
Systems)

Most FDM
thermoplastics are hard
plastics with poor gas
permeability

d. Surface
derivatization and
wettability

Wettable when surface is
oxidized (plasma).80 Oxidized
PDMS can be derivatized with
silanes

Wettability can be modulated
with resins terminated with
special groups, or by silane
modification and silicate
coatings

Data not available (for resins
available from Stratasys, 3D
Systems)

Plasma oxidation can
turn most of the FDM
plastics hydrophilic

e. Mechanical
strength

Elastomer – Young's modulus
(360–870 kPa)81

Young's modulus vary with
material – Ormocer (1–4 GPa),
WaterShed (2.7 GPa)

Young's modulus vary with
material – FullCure720 (1.5–2
GPa), Visijet M3 (1–2 GPa)

Young's modulus (ABS,
PC, PPS, COC: ∼2–3
GPa)

Isotropic strength Minimal anisotropy in
mechanical properties54

Build orientation can affect
elastic modulus54

Anisotropy in strength –
inter-layer bonding
weak54

f. Optical clarity Clear and transparent Clear resins: Watershed, Visijet
SL Clear, BV-003, Form-Clear,
PEG-DA (MW 258)82

Clear resins: MED610, RGD720 Clear resins: ABS, COC

Depends on surface
roughness of the mold

Depends on surface roughness of vat & build plate (SL), volume defects and
light-absorbing additives

4 Biocompatibility Biocompatible and
bio-functional

Many resins are cytotoxic and
not biocompatible. WaterShed
and Visijet SL Clear are USP
Class VI plastic. PEG-DA is
biocompatible

MED610 is a USP VI,
biocompatible plastics

Many biocompatible
thermoplastics available
– ABS, PLA, PC, COC,
PP, etc.

5 Multi-material
fabrication

Possible with bonding Possible with some advanced
SL printers

Easily possible Possible
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remove after printing. Using photo-absorbing additives like
Sudan Black with PEG-DA,90 Nordin and colleagues have sys-
tematically studied the minimal (non-transparent) channel
dimensions that can be reliably printed with SL (60 μm (h) ×
108 μm (w))77 (Fig. 7).

The ability to clear the uncured (or partially-cured) resin
(in SL) or sacrificial polymers (in MJM) from the finished
channels after completion of the printing process is an addi-
tional and important factor in determining the resolution of
3D-printed microchannels. In fact, for long channels, this
“hydrodynamic” limitation can be more significant than the
constraints imposed by light scattering and diffusion of the
polymer precursors. Strategies to facilitate resin removal
post-printing, like short-cut holes, or temporary breakable
connectors, can be incorporated at the design stage. Newer
less viscous resins will also make drainage easier, thereby

making higher resolution channels possible. Since some
post-processing and resin removal needs to be done manually
after printing, SL-based and MJM-based manufacturing of
microfluidic devices can be termed as a quasi-automated,
quasi-additive fabrication process (FDM can be fully auto-
mated). This additional step of resin clearance adds to the
cost of manufacturing and could become significant in high-
volume applications.

With the expiration of all the major SL patents in 2014,
the market has seen the advent of many manufacturers push-
ing the boundaries on resolution. Desktop machines with
∼20 μm horizontal resolution and 6 μm vertical resolution91

and with multi-material capability91,92 are now commercially
available. Many DLP-based SL printers now have open and
modular architecture; in the near future, modular DLP-based
SL printers will improve as the DLPs are upgraded.

3.C.2. Throughput improvements in 3D-printing systems.
Recent technical innovations, particularly the “continuous
printing” SL approaches described earlier, have increased the
printing speeds by over two orders of magnitude,18,93–95

which has brought down the printing time from hours to mi-
nutes (for a 51 mm diameter complex spherical test object93).
While injection molding can produce a device per second
and is still indispensable for large-scale production, SL
printers are now very well placed in terms of cost and
throughput for low and medium-volume batch productions.
This throughput capability should prove ideal for rapid
prototyping, classroom projects, personalized medicine, and
clinical trials.

3.C.3. Materials research. One of the primary reasons for
the success of soft lithography for microfluidic device fabrica-
tion has been the optimal material properties of PDMS –

PDMS is transparent, biocompatible, flexible, gas-permeable,
relatively inexpensive, and moldable with high fidelity and
simplicity. 3D-printing resins, in contrast, have historically

Table 1 (continued)

Features Soft lithography

3D-printing

Stereolithography Multi-jet modeling
Fused deposition
modeling

6 Digital
Inspection

Inaccuracies in assembly of
3D devices make FEM
simulations of the complete
device only approximate

FEM simulation of the
complete device can predict the
performance of the device prior
to fabrication/printing. The
constraints of each fabrication
technique apply

7 Automated
Manufacturing

Not possible Semi-automated.
Post-processing needed to
drain channels of uncured
precursor31 and to remove
support structures

Semi-automated.
Post-processing needed to
remove sacrificial material
from the channel

Fully automated

8 Throughput Low Low, but higher than PDMS
molding.31 As the design grows
in complexity, the throughput
difference between 3D-Printing
and PDMS grows larger

Fig. 7 Channel resolution in 3D printing. The smallest microchannels
that have been consistently printed have been fabricated with PEG-DA
by addition of 0.6% of the opaquing agent Sudan 1. The figure is
adapted from ref. 77 with permission of the Royal Society of
Chemistry.
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been expensive, pigmented or colored, and toxic or largely in-
compatible with live biological material. Not surprisingly, the
unsuitability of the printing material has been a big deterrent
for biomedical scientists to adopt 3D-printing. However, in
the last few years, considerable attention is being paid to cre-
ate new 3D-printing materials with more desirable
properties.

3.C.3.1. Biocompatibility. For 3D-printed devices to become
applicable in biomedical research and clinical settings, resins
must have experimentally confirmed biocompatibility. A thor-
ough investigation on the biosafety and biofunctionality of the
available resins is required. Hardly any comprehensive bio-
safety study has been conducted with most commercially avail-
able resins, many of which have proprietary formulations.

While most proprietary resins for use with commercial
3D-printers have not been assessed for their biosafety and
biofunctionality, cell encapsulation in photo-crosslinked
hydrogels is a well-researched area that has demonstrated
the biocompatibility of some potential candidate resins for
SL. Biocompatible hydrogel matrices made with poly-
ethylene-glycol-diacrylate (PEG-DA),96–99 poly-ethylene-glycol-
dimethacrylate,100 gelatin methacrylate,101,102 hyaluronic
acid103 and functionalized methacrylic alginates104 modified

with cell-attachment proteins or peptide moieties, have been
used to stereolithographically encapsulate neurons or
myocytes104 (Fig. 8A), fibroblasts96,105 (Fig. 8B) and human
mesenchymal stem cells.106 Shear and co-workers have used
multi-photon lithography to excite photo-sensitizers like Rose
Bengal and methylene blue and fabricate micro-chambers
with protein-crosslinked walls around gelatin-embedded bacte-
rial communities107 (Fig. 8C). Bio-actuators and biosensors in-
corporating live myocytes have been 3D-printed with collagen
hydrogels108,109 (Fig. 8D–G), and could in principle be used for
long-term studies of muscle cell differentiation.110,111

A few resins have already undergone some biocompatibil-
ity certifications. A SL-resin, Somos Watershed 11122 XC
(DSM, Netherlands), and MJM-resins, VisiJet M3 Crystal (3D
Systems, USA) and MED610 (Objet/Stratasys, USA) have been
certified as USP Class VI or “medical-grade” plastic. MED610
and Watershed has met more stringent biocompatibility stan-
dards – ISO 10993-5 (cytotoxicity) and ISO 10993-10 (irritation
and delayed-type hypersensitivity) – whereas MED610 has
also passed ISO-10993-3 (genotoxicity), ISO-10993-18 (chemi-
cal characterization of organic and aqueous extracts) and
ISO-13485 (every batch of material undergoes biocompatibil-
ity testing) certifications. However, FDA approves devices, not

Fig. 8 Biocompatibility of resins used in bio-printing. (A) Mouse hippocampal neurons (green) and skeletal muscle myoblast cells (red)
encapsulated in OMA-PEGMA1100 hydrogels, are spatially patterned in distinct regions, with multi-material SL-printing. (B) Confocal image show-
ing human dermal fibroblast cells (red) undergoing 3D migration within a RGDS-functionalized region (green) of a SL-printed PEG hydrogel. (C)
Microclusters of the bacteria S. aureus (blue) printed within high-density populations of P. aeruginosa (green) in bsa-gelatin micro-containers (red).
(D) SL-printed PEG-DA “biobot” structure. (E) C2C12 myoblast cells mixed with matrigel and matrix proteins deposited on the “bio-bot” structure.
(F) Cells formed a compact and solid muscle strip around the PEG-DA structure. (G) Immunostaining of the cells with mf-20 (green) and dapi
(blue). Panel (A) is reproduced from ref. 104 with permission from Wiley-VCH. Panel (B) is reproduced from ref. 105 with permission from Elsevier.
Panel (C) is reproduced from ref. 107 with permission from the National Academy of Sciences. Panels (D)–(G) have been reproduced from ref. 108
with permission of the National Academy of Sciences.
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materials – so these certifications do not automatically make
the plastics safe to use in all biomedical applications; more
specific and longer-term studies need to be performed on the
printed devices for ascertaining their biosafety and
biofunctionality.

Analyzing the leachates from printed objects is critical for
biosafety assessment. A couple of recent studies presented a
comprehensive toxicity profiling of the leachates of some
commercially available resins and polymers that are com-
monly used in 3D printing – ABS (FDM), PLA (FDM), VisiJet
Crystal (MJM), Visijet SL Clear (MJM), Watershed 11122 XC
(SL), Dreve Fototec 7150 Clear (SL), Form 1 Clear (SL).112,113

Zhu et al. observed significant growth inhibition in freshwa-
ter microalgae when they were cultured for 48–96 hours in
water-soluble leachate extracted from all 3D-printed struc-
tures.112 Aqueous extracts from all SL polymers induced
100% mortality of Daphnia sp. neonates after 24 hours, and
all SL and MJM polymers proved to be significantly toxic to
zebrafish embryos112 (Fig. 9D). Zebrafish embryos cultured in
3D-printed structures made of Visijet Crystal or Watershed
showed developmental defects,112,113 whereas those grown in
leachate extracts of ABS and PLA did not have any behavioral
abnormalities.112

UV-irradiation to cure unreacted monomers and post-
printing extensive washes often prove to be sufficient for ren-
dering the printed objects safe for cell culture and biomedi-
cal applications. With SL, we have printed PEG-DA (MW =
258) petri dishes, which were rendered cytocompatible after
overnight UV curing and 24 hour extraction of leachates in
water. The PEG-DA (MW = 258) petri dishes were compatible
for the long-term (>3 days) growth of mammalian cell lines
(CHO-K1) (Fig. 9E), which were indistinguishable from cells
grown on tissue culture polystyrene (TCPS) surfaces (Fig. 9F).
Additionally, the PEG-DA surfaces functionalized with
Matrigel also supported the growth of more delicate primary
embryonic hippocampal neurons (Fig. 9G). Note that PEG-DA
(MW = 258) has very low levels of autofluorescence, allowing
for fluorescence microscopy observations (Fig. 9E).82

Many of the polymers used in FDM printing (such as ABS
and PLA) are very biocompatible.114 Cell-laden bio-inks made
with purified ECM proteins70 or from de-cellularized tissue-
derived ECM115 have been FDM-printed along with synthetic
biodegradable polymers like polycaprolactone (PCL). A few
FDM-printed microfluidic devices have also been used with
cell cultures. Recently, Johnson and co-workers FDM-printed
a compartmentalized device with polycaprolactone to create a

Fig. 9 Biocompatibility of 3D-printed devices. (A) Fluorescence micrographs showing three parallel FDM-printed polycaprolactone microchannels,
with axons (stained for tau) from superior cervical ganglion neurons growing in chamber 1 of the device shown in Fig. 5E. (B) Fluorescence micro-
graphs of three parallel poly-caprolactone microchannels with axon-associated Schwann cells in chamber 2 of the device in Fig. 5e. (C) Fluores-
cence micrograph of axon-terminals and epithelial cells (cytokeratin stained in green) in chamber 3 of the device in Fig. 5e. (D) Toxicity profiling of
different 3D-printed polymer extracts using the vertebrate zebrafish model – larvae trajectories after 5 minutes of exposure with the polymer ex-
tracts. ABS—acrylonitrile butadiene styrene; PLA—polyĲlactic) acid; VJ—Visijet Crystal; WS—Watershed 11122xc; DV—Dreve Fototec 7150 Clear; VC
—Visijet SL Clear; F1—Form 1 Clear. (E) Chinese hamster ovary (CHO-K1) cells growing on SL-printed PEG-DA-258 surfaces. (Inset) fluorescence
image of CHO-K1 cells stained with cell tracker green. (F) CHO-K1 cells cultured on tissue-culture polystyrene surface for comparison with (E). (G)
Hippocampal neurons from embryonic day 18 mouse cultured on 3D-printed PEG-DA surfaces coated with poly-D-lysine and matrigel at div 3.
Panels (A)–(C) are reproduced from ref. 67 with permission of the Royal Society of Chemistry. Panel (D) is reproduced from ref. 112 with permission
of the American Institute of Physics.
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multi-scale model of the peripheral nervous system (see sec-
tion 2.C, Fig. 5E). Peripheral nervous system neurons from
the superior cervical ganglion extended axons through the
microchannels (Fig. 9A). Schwann cells (glia) cultured in the
second chamber wrapped around the axons (Fig. 9B) and epi-
thelial cells growing in the third chamber interacted with the
axon terminal (Fig. 9C). The fluidic isolation between the
three chambers enabled the establishment of distinct envi-
ronments for each cell-type.

Advances made in the drug-delivery field also throw light
on the biocompatibility of some of the resins that have been
used to fabricate microneedles with SL (Fig. 3B). Micro-
needles made by Matsuda and Mizutani, with a custom acry-
late resin containing polycaprolactone, elicited an inflamma-
tory reaction when implanted, which could be suppressed by
loading the needles with the anti-inflammatory drug, indo-
methacin.116 Commercially-available acrylate-based polymers
(e-Shell 200 and 300), that are Class IIa biocompatible, have
been used to fabricate microneedles and hearing aids.22,117

Ormocer, a material that has been used to create high-
resolution features (50 μm wide channels)118 and sharp
microneedle tips by SL,119–121 has supported the growth of
human epidermal keratinocytes for 3 days without significant
loss in viability.120

Many research efforts have been directed towards improv-
ing the photoinitiators, which are the source of much of the
cytotoxic effects. Elisseeff and colleagues systematically ana-
lyzed the biosafety of photo-initiators used for cell encapsula-
tion in photo-polymerized hydrogels by including post-
processing steps like repeated washes and UV-curing, and
found that Irgacure-2959 had relatively low cytotoxicity.122

Liska and co-workers also characterized different photo-
polymer combinations for SL and showed that Irgacure-819
and Diinone also had relatively low toxicity in cells.123,124

Anseth and colleagues developed a superior UV-sensitive and
visible-light photo-initiator lithium phenyl-2,4,6-trimethyl-
benzoylphosphinate (LAP) that required lower concentrations
and reduced light intensities for photo-curing, and conse-
quently showed greater viability of encapsulated cells.125

Although some of the initial biosafety and biocompatibil-
ity studies of 3D-printed devices are encouraging, longer-term

in vitro cytotoxicity studies and in vivo implant compatibility
still needs to be ascertained. In addition, more research
needs to be conducted to fully characterize the bio-fouling
properties of the resins. We believe that, as soon as resin re-
search moves to optimize materials for biomedical applica-
tions, we should see the development of a new variety of
resins that are not only biocompatible but also non-fouling,
implantable and/or bio-resorbable.

3.C.3.2. Transparency. The optical clarity or the
transparency of a printed device depends on 2 factors: (a) the
absorptivity of the material in the visible spectrum; and (b)
the roughness on the surface and defects within the bulk
that can cause diffraction of light. Since the inter-layer fusion
is weak in FDM printed devices, they suffer the most in terms
of optical clarity (e.g. COC is a very transparent polymer, but
FDM-printed microfluidic devices made with Dolomite's Flu-
idic Factory are translucent). There are several SL resins that
are marketed as “clear” (e.g. Watershed, Form Labs Clear,
Visijet SL Clear, BV-003), but depending on the surface finish
resulting from clearing of the channel interior walls, they are
translucent at best; the SEM of a 250 μm microchannel made
with the Miicraft SL printer shows the surface roughness of
the interior walls.25 The build orientation in SL can deter-
mine whether the roof or the sidewalls of a channel are
rough and plays a critical role in the transparency of the final
printed device.31 Urrios et al. have improved the transparency
in SL by printing against a smooth vat surface and a smooth
build plate82 (Fig. 10A). It is important to note that some
resins, such as Watershed, become yellow after prolonged ex-
posure (months) to ambient light (Fig. 10B).

3.C.3.3. Multi-material printing. Multi-material printing is
an inherent capability of MJM and FDM. Ismagilov's group
has reported a clever microfluidic pump based on two-
material MJM; the seal of the pump was printed with an elas-
tomeric material whereas the rest of the pump was printed
with a hard plastic (see section 3.D.5).52 SL, on the other
hand, has been traditionally limited to single materials. Re-
cent advances in SL printers and resins have pushed the
boundaries into printing with multiple resins126 (Fig. 11A),
including elastomers127 (Fig. 11B) and ceramics,128 as well as
resins encapsulating different cell-types96 (Fig. 11C–D). When

Fig. 10 Transparency of 3D-printed devices. (A) A transparent microfluidic channel and petri-dishes SL-printed with PEG-DA (MW 258). (B) Water-
shed is a very transparent SL-resin but turns yellow after prolonged exposure to ambient light.
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copper microparticles were added to a photoresin, a sintering
process made the printed structures conductive (∼10 times
less than pure copper).129 In the not too distant future, inte-
grated 3D-printed devices with metallic sensors and actuators
on flexible membranes,130 or polymer gradients with novel
properties, will become a reality with a new generation of
multi-material SL printers.91

3.C.3.4. Wettability. The wettability of the channel walls is
a property that assumes particular significance in 3D-printed
materials, in order to facilitate easy passage of aqueous fluids
through the microchannels. PDMS, although extremely hy-
drophobic, can be easily treated with oxygen plasma to create
a hydrophilic surface. In addition, PDMS is highly gas-perme-
able, so trapped bubbles can easily be dislodged by pressuriz-
ing the fluid in the channel.79 SL-printed plastics and MJM
resins do not have the same degree of gas permeability and
therefore the bubble-removal trick that works so well in
PDMS channels, does not work as well with SL- and MJM-
printed channels. Efforts are now on to create hydrophilic
resins that enable spontaneous filling of microchannels with
aqueous solvents – for example, by using vinyl-terminated ini-
tiators in the resin base, to produce polymers like
polyĲethylene glycol) methacrylate (PEGMA) and
perfluorodecyl methacrylate (PFMA) with enhanced hydrophi-
licity.131 FDM thermoplastics, on the other hand, are either
hydrophilic or easily rendered hydrophilic via an oxygen
plasma treatment after printing.

3.C.3.5. Surface derivatization and bonding. Derivatization
of the surface of channels post-fabrication is important for a
variety of reasons, e.g. preferentially altering the hydrophilic-
ity or making the surface chemically reactive/inert. Silanes
have been extensively used for modifying the PDMS surface

to change its wettability, to make it amenable for bonding, or
for covalently attaching chemical species.132 Lately, silane
chemistry has been exploited to modify the surface of SL
resins. One strategy has been to coat the walls of a channel
with a silicate coating by injecting a hydrolyzed ethyl silicate
solution (N-103X, Colcoat Co.) and heating it to allow the
solution to vaporize and coat the inside walls of the chan-
nel.133 Silicates have been used traditionally as the base
surface on which silane chemistry has been performed. The
Hayakawa group derivatized the silicate surface with a fluoro-
silane, thereby making it possible for the device to generate
monodisperse inverted water-in-oil emulsions.134 Silane
modification, followed by a phase conversion of allylhydrido-
polycarbosilane, can generate hydrophilic silicate-glass coat-
ings inside the microchannels, which can confer excellent
solvent resistance, and drive high electro-kinetic flow, while
retaining transparency.135 Alternatively, siloxane layers have
been deposited on epoxy-based SL-resins by treating the sur-
face with 3-glycidoxypropyltrimethoxysilane (GPTMS) under
acidic pH in the presence of a photo-acid generator,
triarylsulfonium hexafluoroantimonate (TASHFA),136 or with
dimethoxydimethylsilane (DMDMS) using a heat induced
sol–gel process.137 Siloxane groups form the backbone of sili-
cones, including PDMS; therefore, siloxane derivatized SL-resins
can be bonded to PDMS surfaces to make hybrid devices.

3.C.3.6. Solvent compatibility. PDMS is a very porous,
hydrophobic matrix. As a result, PDMS swells up in various
organic solvents. This swelling leads to the loss of solvent,
or other hydrophobic constituents in the fluid, into the
PDMS matrix. Undesired exposure of PDMS to organic
solvents often produces deformed channel geometries and
detachment of the seal between the channel walls and the

Fig. 11 Multi-material SL printing. (A) Various rooks fabricated with 4 different commercially available photo-resins, using a custom-built multi-
material SL-printer. (B) A 2-material SL print – the red bristles are made of an elastomeric resin. (C) NIH-3t3 fibroblasts stained with different col-
ored cell tracker dyes and encapsulated in PEG-DA hydrogels, SL-printed in different layers. (D) Cross-sectional view of the SL printed (∼500 μm)
layers of encapsulated NIH-3t3 cells. Panel (A) is reproduced from ref. 126 with permission of the authors. Panel (B) is reproduced from ref. 127
with permission of the authors. Panel (C) and (D) are reproduced from ref. 96 with permission of the Royal Society of Chemistry.
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surface. The incompatibility of PDMS with organic solvents
has led to multiple research efforts into making microfluidic
devices with more chemically resistant materials like Viton138

or Teflon.139

There is a diversity of resins with a range of compatibility
to solvents and resistance to chemicals. Somos 9920 is an SL
resin that has great chemical resistance and is suitable, like
polypropylene, for long-term storage of a variety of chemicals.
Watershed (Somos 11120), on the other hand, a medical
grade and transparent resin, is very resistant to water but not
to organic solvents, including ethanol.

3.D. The promise of 3D printing

3.D.1. Towards true 3D capability. Microfluidic devices
made from molding PDMS or plastics have to be built by
stacking and bonding different layers together – a process
which increases the final cost of the devices and drastically
limits the connectivity of the various parts of a device and
the overall functionality of the devices. 3D-printing, on the
other hand, is an assembly-free technology, limited only by
the resolution constraints of the printing process. There are

very few topological restrictions (e.g. “floating” objects cannot
be printed and have to be tethered), which opens the doors
to 3D design innovation. For example, an efficient 3D micro-
mixer architecture,20 diaphragms with sinusoidal cross-sec-
tions,48 a spiral channel with trapezoid cross-sections,24 and
integrated connectors31 are a few examples of microfluidic
devices where the functional elements were enabled by 3D
design. Moreover, microfluidic engineers can now take ad-
vantage of very large CAD repositories of 3D digital objects
available online for free. A notable example is GrabCAD,140 a
fully searchable library that contains more than one million
CAD designs and also offers a free design platform for engi-
neering teams to streamline projects.

3.D.2. Towards rational design. Modular designs and inte-
grated interfaces come naturally to the rational “CAD ap-
proach” in 3D-printing. With 3D-printing, industry-standards
for fluid interfacing, like Luer Lock and barb fittings, can be
seamlessly integrated and built into the microdevice.31 In-
spired by the Lego® bricks concept, functional and modular
elements of a complex microfluidic circuit, have been printed
by SL, and assembled by a “plug-and-play” interlocking mech-
anism, into a complete microfluidic device141–145 (Fig. 12). A

Fig. 12 Modular microfluidics. (A) A modular microfluidic mixer built by SL. (B) Schematic assembly of different 3D-printed microfluidic blocks
with metal pins to build an entire device. (C) An integrated microfluidic device for biosensing built by connecting different functional modules
printed in Visijet M3 crystal with Projet HD 3500 plus. (D) An interconnected modular device for generating oil-in-water droplets, 3D-printed with
PLA using ultimaker FDM-printer. (E) A cad drawing of a t-junction droplet generator, built by mating discrete microfluidic elements, SL-printed
with watershed. (F) Operation of the t-junction emulsification device. (G) Two dye-colored aqueous streams mixed in a 3D helical mixer, and (H)
formed into droplets after getting sheared by a carrier oil phase. Panel (A) is reproduced from ref. 142 with the permission of the Royal Society of
Chemistry. Panel (B) and (C) are reproduced from ref. 144 with the permission of the Royal Society of Chemistry. Panel (D) is reproduced from ref.
145 under the Creative Commons Attribution License. Panel (E)–(H) are reproduced from ref. 143 with the permission of the National Academy of
Sciences.
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tunable microfluidic mixer and a droplet generator are exam-
ples of complex microfluidic devices that have been demon-
strated by assembling SL-printed discrete functional mod-
ules143,146 (Fig. 12E–H).

The concept of “modular design” can be extended beyond
interlocking physical modules to coupling different digital
modules, and fabricating them as a monolith. With the digital
modular approach, 3D-printing can bring in a paradigm shift
in microdevice design by catalyzing collaborations between
the designers that have different expertise in the various
modules that form a device. We foresee a future when a non-
specialist user can virtually assemble a microdevice for his/
her niche experimental purpose by digitally putting together
various microfluidic functional modules that are accessible
online. The user can then model the performance of the de-
vice using available finite-element software, and finally fabri-
cate them using SL-printing service facilities. At present, a
single engineer designs most of the PDMS-based microfluidic
platforms in a non-standardized and non-modular way. In
contrast, large teams of engineers in, say, the electronics and
automobile industry, often in different geographical loca-
tions, design various functional units, which are then assem-
bled digitally into the final product. We believe that the adop-
tion of SL as a microfluidic design tool will enable modular
design and integration of devices, a strategy that has become
the norm in various successful industries.

Historically, soft lithography has been a notoriously ineffi-
cient fabrication process, in contrast with 3D-printing. Com-
plex microfluidic devices made by aligning and assembling
different PDMS layers often have dimensions that are signifi-
cantly different from the desired “ideal CAD” version and
cannot be accurately determined a priori. Therefore, any pre-
diction of the final performance of a complex multi-layer
PDMS device based on the “ideal CAD” version is often found

to be quite different from the real performance. Almost al-
ways, many iterations of the design are necessary due to de-
sign mistakes and the fabrication process needs to be re-
peated before an optimally operating device is sent to
manufacturing. On the other hand, one of the biggest advan-
tages of 3D printing is that the digital 3D design enables the
user to predict the final performance of a device using finite
element modeling before the device is printed. Such digital
inspection allows for efficient remote collaboration and a
more rational approach to design. We believe that by drasti-
cally reducing the number of fabrication iterations in the de-
velopment of a complex device, this rational “CAD approach”
will save significant time and resources.

3.D.3. Towards user-friendly interfaces. The absence of
standardization in interfacing PDMS microdevices with the
peripherals (“chip-to-world” connection) has been a major
bottleneck in the widespread adoption of lab-on-a-chip tech-
nologies. The inlet/outlet connectors and tubing often remain
one of the most unreliable components in a device. More-
over, the profusion of tubings and interconnects that have to
be individually connected for a microdevice with multiple
fluid inputs and control lines,147 can soon become very in-
timidating for the end-user. The recent push for translatable
and commercially viable products by funding agencies and
society is starting to generate more attention towards user-
friendliness of microdevices. We believe that 3D-printing is
uniquely positioned not only to facilitate standardization of
interfaces, but also to promote user-friendly design in micro-
fluidics30,31,148 (Fig. 13).

3.D.4. Towards 3D-printed automation. Many biomedical
applications require repetitive fluid handling – transferring
fluid from one container to another and mixing fluids consti-
tute the most common actions. Traditionally, such fluid han-
dling has been done using manually-operated pipettes, a

Fig. 13 3D-printed user-friendly interfaces. (A) Luer and barb connectors integrated with a microfluidic channel SL-printed with watershed. (B) A
complex bioreactor with integrated inlet and outlet ports printed with SL. (C) Schematic of an integrated SL-printed oxygen control insert for a 24
well plate – the inlet and outlet barbs allow perfusion of oxygen into the wells. (D) Photo of an entire 24-well plate fitted with the oxygen control
insert that it filled with dyes for visualization. Panel (B) is reproduced from ref. 148 with the permission of American Society of Microbiology. Panel
(C) and (D) are reproduced from ref. 30 under the Creative Commons CC0 License.
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process that is error-prone, time-consuming, costly and ex-
tremely tedious. In industrial laboratories, expensive robotic
dispensers have largely replaced humans. Microfluidic tech-
nology has introduced the ability to handle and manipulate
extremely small volumes of fluids in miniaturized lab-on-a-
chip formats that has enabled massive parallelization, re-
duced reagent costs and accelerated reaction times or pro-
cessing. However, in order to achieve complete automated
fluidic handling in lab-on-a-chip devices, valves and pumps
are indispensable.147 The invention of PDMS microvalves and
micropumps by the Quake group revolutionized the field of
microfluidics and heralded the miniaturization and automa-
tion of many kinds of biomedical assays.149,150 Yet the manu-
facturability of the microvalves due to the cumbersome align-
ment, bonding and assembly of small flexible parts has
remained a challenging hurdle.151

The Folch lab SL-printed diaphragm valves and peristaltic
pumps designed for microfluidic automation.152 The valve is
operated pneumatically by pressurizing a control line that de-
flects a 10 mm-diam., 100 μm-thick Watershed membrane
and closes a nozzle at ∼6 psi (Fig. 14A). The valves are
completely leakage-free at the closing pressure, and can be
operated over many closing cycles, at frequencies up to ∼7
Hz. The 3D-printed valves can be regarded as functional
modules – two valves can be paired to build a switch, three
valves can be put together in series to build a peristaltic
pump, etc. (Fig. 14B). A four-way switch was used to control

ATP perfusions of CHO-K1 cells and read their real-time cal-
cium-imaging fluorescent responses in a 3D-printed Water-
shed cell culture chamber (Fig. 14C). Nordin and colleagues
have SL-printed 80–100 μm 2 mm-diam. Membrane valves
with PEG-DA that close 250 μm tall × 350 μm wide channels
at ∼20 psi.153 These PEG-DA valves were actuated at 1 Hz and
remained functional for ∼800 cycles. However since the resin
formulation used for making the valves has Sudan 1 as an ab-
sorber, the devices are not optically transparent. Sochol et al.
recently published the design of an integrated diaphragm
with a sinusoidal cross-section as a dynamic microfluidic ele-
ment.48 The diaphragm was 3D-printed by MJM, and was
used in various configurations as a fluidic capacitor, diode,
and transistor (Fig. 14D–G).

We envision that valves and pumps 3D-printed at low cost
with transparent biocompatible plastics will enter the market
to automate fluid handling and manipulation in the biotech
and biomedical industry, replacing costly human labor and
even robotic dispensers. However, to design a truly large-
scale integrated microfluidic circuit, further miniaturization
of the dynamic microfluidic elements is crucial. Improve-
ments in the 3D printing process such as better resolution
and higher-biocompatibility resins will be required.

3.D.5. Towards autonomous systems. The accessibility of
microfluidic devices is limited by the need to tether these de-
vices to bulky and expensive peripherals, like pumps, gas
canisters, and controllers.154 The absence of topological

Fig. 14 3D-printed automation. (A) Photograph of a SL-printed single-valve device made with watershed resin. (B) A peristaltic pump designed
with three valves in sequence, during an actuation phase when only the middle valve is open. (C) Photograph of an actuating switch connected to
a cell-culture chamber. Only the valve connected to the red dye solution is open. (D)–(G) Dye-filled fluidic circuit control elements printed with
Visijet M3 crystal using a Projet 3000 HD printer and their respective analogous electrical symbols – (D) fluidic capacitors, (E) fluidic diode, (F) flu-
idic transistor and (G) enhanced-gain fluidic transistor. Panels (A)–(C) are reproduced from ref. 152 with the permission of the Royal Society of
Chemistry. Panels (D)–(G) are reproduced from ref. 48 with the permission of the Royal Society of Chemistry.
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constraints in 3D printing has led to some innovative solu-
tions in untethered fluid automation. The Ismagilov lab has
used multi-material MJM to construct an “equipment-free
pumping lid” for controlled pressure generation in micro-
fluidic devices52 (Fig. 15). When the lid is pushed into a cup
that is integrated to the inlets of a microfluidic device, the
air in the lid's cavity is compressed and generates positive
pressure. Similarly, when the lid is pulled up from a pre-
placed position in the cup's cavity, a negative pressure is cre-
ated. A guiding structure determines the distance the lid
travels inside the cup's cavity and therefore controls the gen-
erated pressures. By eliminating external pressure sources
and controllers, the pumping lid technology can be used for
driving microfluidic flow for over 2 hours, which is sufficient
for many applications.

Digital electronics took a quantum leap when logic gate
circuits could be put together to design complex logic ele-
ments, and autonomous systems. We predict that 3D-printed
valves will also simplify the fabrication and consequently
popularize logic elements in microfluidics, such as memory
latches,155 shift-registers,156 adding-machines,157 oscilla-
tors158,159 and autonomous pumps.160 We can envision 3D-
printed, truly autonomous microfluidic machines with em-
bedded controls (powered by flow or a manually-generated
pressure differential) that can run pre-programmed bio-
chemical and cell-based assays without the use of pneu-
matics, electricity, or tubing.

3.D.6. Towards web-based dissemination of designs and
devices. 3D-printing is a new technology that is benefiting
from an old concept: the scalability of digital systems. Pio-

neers in Internet and computer science predicted very early,
how computers would change the world. Professor Robert
Licklider from MIT, one of the main architects of the early
ARPANet, wrote a seminal paper, “Man-Computer Symbiosis”
(1960),161 where he introduced the revolutionary idea that
computers could help humans make decisions just as
humans were helping computers. Elaborating on this idea,
his protégé Douglas Engelbart at Stanford further argued in
1962 (“Augmenting Human Intellect: A Conceptual Frame-
work”)162 that computer networks develop an “amplified
intelligence” as the number of users of the network grows.

Engelbart's idea has engendered a thriving 3D-printing in-
dustry. Several popular web based 3D-printing services (e.g.,
www.shapeways.com, www.sculpteo.com, i.materialise.com,
etc.), focusing primarily on the jewelry, art and home decor
sectors, are allowing designers to publish their designs in a
“virtual marketplace”. The user-designer can now start “mon-
etizing” (obtaining revenue from) their design through conve-
nient ecommerce platforms as soon as other users 3D-print
copies of their design from the virtual marketplace. Thanks
to these 3D-printing services, designers do not have to face
the administrative, logistical and financial challenges of set-
ting up a physical shop or worry about distribution costs –

considerations that are crucial for designers at the beginning
of an enterprise. Two key features of this new manufacturing
process that fundamentally distinguishes it from the classical
”thick-paper-catalog” model of R&D marketing are: 1) the de-
signer is not required to order expensive molds and set up a
company for launching production of his/her devices; and 2)
the customer does not have a “minimum quantity” limit and

Fig. 15 The “pumping lid”. (A) Schematic of a three-cup composite pumping lid for producing three different pressures in the same device. (B)
Micrograph of the junction at which three channels combine to produce a heterogeneous laminar flow. (C) Different composite lids (top row sche-
matics) can be used to produce different flow profiles (middle row) that agree very well with the predictions of the flow profiles (bottom row)
based on the pressures produced by the lids and the device geometry. Reproduced from ref. 52 with permission of the Royal Society of Chemistry.
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can order even a single print. MakerBot has also created a
very dynamic website (called “Thingiverse”53) for sharing
CAD designs with only non-commercial (Creative Com-
mons163) licenses. Over time, we believe that these 3D-
printing marketplaces will generate dynamic communities of
“amplified intelligence” creating designs that we cannot even
imagine today. As Tim Berners-Lee, the inventor of the World
Wide Web, put it, “what you create is limited only by your
imagination”.164

4. Conclusions

To better understand the suitability of the different
manufacturing strategies for microfluidics, we compare soft
lithography, injection molding, paper microfluidics and 3D-
printing on several pertinent factors like set-up cost, cost/

print, turn around time, 3D design capability, fluidic automa-
tion, throughput and manufacturability (Table 2). Injection
molding is justified for large production runs if (and only if)
a large-enough capital investment can be safely secured; in
this case, very low costs per device can be achieved. Paper
microfluidics is an attractive approach for devices with sim-
ple functionality, because of its low setup and running costs
and high throughput. On the other hand, both injection
molding and paper microfluidics are not well suited for auto-
mated fluid manipulation. Soft lithography is the only tech-
nique that has been routinely used to fabricate valves and
pumps for fluidic automation. However, high set up and run-
ning costs and low throughput limit the manufacturability of
PDMS-based devices.

Unlike all other strategies, 3D printing is the only tech-
nique with true 3D digital design capability. Moreover, micro-
fluidic devices with integrated valves and pumps have re-
cently been demonstrated with two different 3D-printing
techniques. Additive manufacturing techniques are efficient
because they (a) favor modular and team-based CAD, (b) does
not require tooling or assembly, (c) generate very little waste,
and (d) lower distribution costs. When all costs (capital, time,
personnel, disposal, etc.) are factored in, the economics usu-
ally favor 3D-printing for low- to mid-scale production, even
when it is based on serial fabrication.

A quick bibliometric analysis of the microfluidics field
shows that, in the last 5 years, after a steady growth that
lasted a decade, the number of publications has reached a
plateau (at around 6500 publications per year in 2013, as
measured in Web of Science) and even slightly decreased
(Fig. 16A, inset). Poor manufacturability of PDMS devices
may be discouraging researchers to adopt PDMS technology
for the dissemination of their inventions (i.e. the manufactur-
ability roadblock alluded to in section 1), and might be a rea-
son for the plateauing of publications. It has been argued
that microfluidics produces very few “killer applica-
tions”,166,167 or products that reach the consumer market.
Here we argue that there is no dearth of “killer app” ideas –

it is the commercialization pipeline that is hindered by criti-
cal barriers. We hypothesize that, once 3D-printing becomes
a mature technology and overcomes its own critical barriers,
we will undoubtedly see a microfluidic revolution in biomedi-
cine and biotechnology.

Table 2 Comparison of microfluidic device manufacturing strategies

Soft lithography Injection molding Paper microfluidics 3D printing

Setup cost ∼$80ka >$50kb <$1k $1–20k
Cost per print/materials High Low Low High
Turn-around time ∼24 h 3 weeksc <2 h <2 h
3D capability Layered 2D designs Layered 2D designs Layered 2D designs 3D digital designs
Fluid automation Routine Difficult Rudimentary Demonstrated
Throughput Low Very high High Medium
Manufacturability Poor Poor Good Good

a Based on quotes from Black Hole Laboratories. b Based on quotes for basic injection molding apparatus. c Based on estimates from Proto
Labs.

Important note on safety

3D-printers are often hailed as a very safe technology. As a result, they
are usually sold with a front plastic panel as the only protecting
interface and operated without proper protection garment. 3D-printing
technology does not entail the dangers of silicon etching or laser
micromachining, but we have found that long-term exposure presents
some hazards:
1) Any 3D-printer that generates fumes or odors should be placed un-
der a laminar flow extractor or inside a fume hood. All SL printers and
all FDM systems fall under this category. Polyjet printers also produce
“smelly” prints and should be in a well-vented room. In general, vapors
from molten polymers and low-vapor-pressure molecules such as
photoinitiators and monomers can be irritants to the respiratory sys-
tem and, as such, should be considered potential carcinogens. Odors
from laboratory compounds have resulted in damage to the olfactory
epithelium and irreversible loss of olfaction.165

2) SL resins are particularly dangerous compounds because they
become activated with light. If unexposed resin becomes in contact
with a user's skin, and the skin is exposed to light, the user can face
severe rashes and/or burns upon generation of free radicals by the
resin's photoinitiator. This exposure can happen inadvertently through
gloves or through garment, particularly with transparent (colorless)
resins.
3) Safety goggles should be worn for SL until the end of processing to
avoid exposure of the eyes to SL resins. Resins are severe irritants to
the eye tissue. Goggles should also be worn during post-processing
(when flushing the channels), as small amounts of resin could splash
into the eye when attempting to flush the channel.
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In support of our hypothesis, one of the few areas in
microfluidics that is experiencing a rapid growth is 3D-
printed microfluidic devices (Fig. 16A). While 3D-printing
does not provide high-throughput (like injection molding of
thermoplastics or paper microfluidics do), it is the only fabri-
cation strategy that possesses three key characteristics essen-
tial to researchers: low-cost setups, rapid prototyping and 3D
digital design, which results in good manufacturability. (Pa-
per microfluidics also feature good manufacturability but are
inadequate for key biotechnological processes such as fluid
automation and live cell culture.) Not surprisingly, the num-
ber of publications on 3D-printed microfluidics is experienc-
ing an exponential growth. At this rate, the number of publi-
cations on 3D-printed microfluidics will total half the present
number of publications in mid-2018 and outnumber it by
March 2020 (Fig. 16B).

In this review we have seen that this rapid growth is
marked by low-cost developments, by an emphasis on mate-
rials research (biocompatible resins) and hardware improve-
ment (multi-material printing, high-throughput printing,
etc.), and by exploiting 3D design capabilities. We believe
that, in the short term, this growth will have its largest bio-
medical impact in the same areas where PDMS microfluidics
did through the advent of microfluidic automation: in molec-
ular biology, genomics, cell biology – where the need to ma-
nipulate small amounts of fluid volumes in large quantities
and repetitively becomes inhumanely tedious and economi-
cally prohibitive. For simple reasons of cost, we will soon see
3D-printing take a leading technological role in global health
care (mostly prototyping diagnostic devices for the third
world) as well as a substitute of precision-machining for R&D
instrumentation and in the acceleration of clinical trials. In
the long term, the largest impact might be in the very lucra-
tive clinical sector of personalized devices (not necessarily
microfluidic), such as implants and prosthetics.

In conclusion, the revolutionary aspect of 3D-printing is
that it minimizes the barriers to manufacturing. Enabling
rapid prototyping of a physical model in a few hours is al-

ready revolutionizing the product design process by allowing
microfluidic engineers to test designs before investing in
photomask tooling or mold fabrication processes. In biomed-
icine, expediting the translation from prototype to product
should enable personalized devices and therapy, accelerate
R&D, and help make healthcare more affordable and
accessible.
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