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Abstract 13 

During the last two decades, 3D printing technology has emerged as a valid alternative for 14 
producing microfluidic devices. 3D printing introduces new strategies to obtain high precision 15 
microfluidic parts without complex tooling and equipment, making the production of microfluidic 16 
devices cheaper, faster, and easier than conventional fabrication methods such as soft lithography. 17 
Among the main 3D techniques used for this purpose, fused filament manufacturing (FFF), inkjet 18 
3D printing (i3Dp) and vat polymerization (VP) are of the greatest interest since they are well-19 
established techniques in the field and are cost-affordable both in equipment and material. 20 
However, there are still some barriers in terms of technology and materials to overtake for 21 
definitively establishing 3D printing as a truly microfluidic production method. For example, the 22 
level of resolution and precision of 3D printed microfluidic parts still does not reach the level of 23 
conventional fabrication techniques, and, from a materialistic point of view, few materials present 24 
the desired characteristics (e.g., biocompatibility, optical transparency, and mechanical properties) 25 
for target areas such as medicine, analytical chemistry, and pharmaceuticals. This review intends 26 
to evaluate and analyze the current state of polymeric 3D printing techniques and materials to 27 
manufacture microfluidic chips. The article will show and discuss the latest innovations, materials, 28 
and applications of such 3D printed microstructures. The focus of this review is to provide an 29 
overview of recent and future developments in 3D printing and materials in the branch of 30 
microfluidics fabrications, showing that the selection of the right materials together with the design 31 
freedom afforded by 3D printing will be the cornerstone for microfluidic development. 32 
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1. Introduction 37 

Over the last decades, microfluidic devices have been used for different applications, especially 38 
in chemistry and biology, introducing new analytical and laboratory procedures [1–3]. For 39 
instance, these microdevices have been applied to study cancer cells’ growth and metastasis, for 40 
analyzing the interaction of such carcinogenic entities with other cells, or test and screen new types 41 
of drugs [4–7]. The interest in microfluidics lies mainly in the possibility of performing laboratory 42 
analyses on a micrometer scale, allowing savings in sample consumption, and reducing the overall 43 
costs compared to conventional laboratory procedures [8–10]. The application of these devices 44 
owed a series of benefits: high spatial resolution and sensitivity, low volume consumption, fast 45 
processing, and easiness of integration with electronic elements. Microfluidic chips are assembled 46 
with a series of sub-millimeter channels, specifically designed to achieve the desired features, e.g., 47 
mixing, pumping, or sorting the liquid passing through them [3,11–13]. By connecting such 48 
microfluidics with a few electronic elements, the devices (known as lab-on-a-chip) might be used 49 
in different biochemical applications for controlling/monitoring the behavior of specific analytical 50 
solutions, useful for rapid DNA sequencing, electrophoretic separation, wearable sensors, organ-51 
on-chip development and disease diagnosis in point-of-care settings with a high level of precision 52 
[14–17]. The rapid deployment of microfluidic devices in laboratories and industries was marked 53 
by the introduction of polymeric materials, such as poly(methyl methacrylate) (PMMA), 54 
polycarbonate, polystyrene, polyethylene terephthalate (PET), and especially 55 
polydimethylsiloxane (PDMS). Today, PDMS elastomer is frequently used for fabricating 56 
microfluidic chips since it is an inexpensive, biocompatible, transparent, and deformable material, 57 
very suitable for molding production. For these reasons PDMS can be considered the standard 58 
material to produce microfluidic chips [18–21]. Nevertheless, PDMS presents some drawbacks, 59 
such as the non-specific adsorption of biological and chemical analytes as well as high 60 
hydrophobicity, which can be addressed with specific surface modification methods, e.g., plasma 61 
treatment, physical or chemical deposition or microwave radiation [22–30]. PDMS-based 62 
microfluidic chips are often fabricated through Soft Lithography and mold replica, a fabrication 63 
technique that involves multiple, manual, and labor-intensive steps for fabricating microfluidic 64 
devices. [31]. Other methods are micromachining, (hot)-embossing, injection molding, and laser 65 
ablation, among the principals [32–34]. Most of these methods to work properly require controlled 66 
environments or cleanroom facilities, which might not be compatible with mass production. Hence, 67 
microfluidic devices' potential growth is somehow limited to research laboratories due to the 68 
tedious and expensive fabrications methods, limiting their diffusion [35]. Therefore, more and 69 
more efforts are currently devoted to produce microfluidic devices with the right materials 70 
properties and features, by employing easier and cheaper fabrication methods, with the final goal 71 
of establishing and expanding their use and applications.  72 

3D printing (3DP) technologies emerged as valid methods to produce fluidic devices with 73 
satisfactory results, supported by recent technological advancements in the field. 3D printing can 74 
overcome microfluidics limitations associated with mass production by enabling lower-cost and 75 
simplest fabrication of such devices in fewer steps [36–43]. 3DP, in fact, enables the on-demand 76 
production of parts from different materials that can be used in numerous industrial and research 77 
applications [44–47]. The principle behind this technology is the fabrication of three-dimensional 78 
objects from a digital model design through a single machine. The digital model (commonly in 79 
Computer-Aided Design or CAD format) is cross-sectioned by dedicated computer software. The 80 
objects are then fabricated by the selective and successive addition of material until the part is 81 



 
 

completed. With 3DP, complex-shaped structures can be easily obtained, requiring minutes (or a 82 
few hours) without using tools, molds or complicated equipment, leading to savings in materials 83 
utilization and consumption, overall production costs, and energy, among others benefits [48–50]. 84 
Today, many different 3D printing technologies have been developed. They can be classified based 85 
on the type of material used, how materials are joined, and the working principle; each brings 86 
unique characteristics [51]. The different 3DP techniques have been extensively evaluated in 87 
multiple literature reviews, based on the type of printable material used, application areas, 88 
benefits, and drawbacks [44,51–57].  89 

Among the different materials employed, polymeric 3DP offers multiple advantages for the 90 
medical and biomedical fields, e.g., automation, personalization, keeping relatively fast printing 91 
times, cost-affordable materials and equipment, accessibility, and high printing resolutions [58–92 
65]. These features make polymeric 3DP a promising method for numerous biomedical 93 
applications, e.g., prototyping organ models, producing in-vitro platforms for cell culturing, scaffold 94 
structures for tissue engineering, on-demand fabrication of medical implants and prostheses, and 95 
multiple medical situations where it is required a fast production of customized parts [58,60,65–96 
71]. Indeed, during the recent pandemic crisis, polymeric 3D printing demonstrated that it could 97 
be used in hospitals for the fast production of plastic valves and connectors for addressing the 98 
shortage of respiratory tools during the coronavirus disease (COVID-19) caused by the novel 99 
coronavirus (Sars-CoV-2) [72–75]. For microfluidic fabrications, not all 3D printing techniques are 100 
appropriate. Microfluidic devices should gather some essential criteria for their correct operation, 101 
such as flexibility, biocompatibility, precise design and geometry, and optical transparency, which 102 
only a few polymeric 3D printing techniques can meet. Different studies have reported the 3D 103 
printing of polymeric microfluidic devices for various in-vitro studies, such as bioreactors for real-104 
time biological analysis or analytical systems [39–43]. Most of these studies are mainly focused on 105 
using methods such as (see Fig. 1) fused filament fabrication (FFF), inkjet-based 3DP, e.g., PolyJet 106 
and MultiJet, and vat polymerization methods, e.g., stereolithography (SL) and digital light 107 
processing (DLP). Several review papers have been published in the last years describing the 108 
advancements done in the development of polymeric 3D printed microfluidic chips: most of these 109 
papers analyse the literature referred to the advancements in the healthcare/biomedical field [76–110 
78], but also different applications were reviewed[79–82]. The approach used in the most of the 111 
this literature show a technological or application-driven point of view, focusing on the different 112 
3D printing technologies [77,83–85]. Differently, this review intends to present the updated state-113 
of-the-art, focusing particularly on the material development, 3D printed part features such as 114 
optical transparency, printing resolution and biocompatibility, and the technological 3D printing 115 
trends considering the afore-mentioned methods. This work aims to give tools for researchers 116 
involved in microfluidic to approach more consciously to 3DP and, at the same time, for the 117 
operators of 3DP to understand the requirements of microfluidic. The most relevant applications 118 
of 3D-printed microfluidic devices are examined, highlighting the main barriers to adopt this 119 
technology in microfluidics scenarios, such as personalized medicine systems and point-of-care 120 
devices. 121 
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Fig. 1. Statistics data of the (a) Publications and (b) citations per year (from 2001 to 2021) searching by 123 
the keywords: “Stereolithography,” “Digital Light Processing,” “Fused Filament Fabrication,” “PolyJet” 124 
or “MultiJet,” and “two-photon polymerization” together with “microfluidic.” The terms “3D printing” & 125 
“microfluidic” and “Polydimethylsiloxane” & “Microfluidic were also considered as a point of 126 
comparison. Data obtained from the Scopus database, accessed January 12th, 2022. 127 

2. 3D printing of polymeric microfluidic devices 128 

Numerous studies have reported the use of polymeric 3DP for microfluidic devices fabrication 129 
(see Fig. 1), showing the vast number of publications and citations per year over the last two 130 
decades using the keywords “microfluidic” and the name of a single 3D printing method [39–43,86–131 
88]. Fig. 1.b also considers the term 3D printing to include other not well-known terms in the area of 132 
microfluidic fabrication. The acceptance of polymeric 3DP for microfluidic fabrication is evident. 133 
The number of publications in 2021 has increased more than ten times compared to 2010 and 134 
nearly four times compared to 2015. Such observation is also witnessed by the number of citations 135 
per year, which increased with x20 and x6 in 2020 compared to 2010 and 2015, respectively. 136 

Interestingly, while the diagram of 3D printing and Microfluidic (both N° publications and 137 
citations per year) increases, the graph of Polydimethylsiloxane (PDMS), one of the most used 138 
materials for microfluidic fabrication start to decrease from 2010 forward. This trend is probably 139 
not only due to the appearance of 3D printing for microfluidic chip fabrication, as other 140 
microfabrication technologies and materials have appeared in recent years; however, such a trend 141 
shows that the scientific community has been searching for alternatives to conventional 142 
microfabrication methods. Most of these published works about 3D printing and microfluidic are 143 
focused on using mainly fused filament fabrication (FFF), Polyjet/MultiJet, and vat polymerization 144 
techniques, i.e., stereolithography and digital light processing, since they are well-established 145 
techniques that present a good compromise between printing resolution/accuracy, printing speed 146 
and material availability [59,89–91]. Each of the 3D printing methods offers different 147 
characteristics that can be beneficial according to the microfluidic system and its application, as 148 
summarized in Table 1. The most requested characteristics of 3D printed polymeric microfluidics 149 
are biocompatibility, optical transparency, and microchannels' reliability. The following section 150 
will present an overview of current trends and strategies to fabricate microfluidic chips by 151 
polymeric 3D printing. 152 
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2.1. Fused Filament Fabrication methods for microfluidic devices fabrication 154 

Fused deposition modelling (FDM), also known as fused filament fabrication (FFF), is probably 155 
the most recognized 3D printing method [59,92,93]. As schematized in Fig. 2.a, in these 3D printing 156 
techniques, the material (filament) is extruded through a nozzle by thermal effect. Other extrusion-157 
based 3D printing techniques (known as Direct Ink Writing –DIW) follow a similar extrusion-158 
processing principle, although they use a screw, piston, or pneumatic force (pressurized air or gas) 159 
to deposit the material [52]. In general, extrusion-based 3D printing consists of a motorized system 160 
with a three-axis motion that allows material deposition selectively. The material is first deposited 161 
at the preferred position in the XY plane to achieve the first layer. Then a second layer is deposited 162 
onto the prior one by either the building platform moving down or the extrusion nozzle moving up; 163 
the process is repeated until the final part is obtained [94]. The fused deposition modeling (FDM) 164 
technique was invented by Scott Crump in 1989 [54,95], and after the patent expired in 2009, 165 
people started to fabricate FDM printers independently without compensating Stratasys (the 166 
company that branded the FDM technique), decreasing equipment and materials costs. However, 167 
Stratasys is still proprietary to the FDM acronym, so these methods are generally recognized as 168 
Fused Filament Fabrication (FFF) [96]. The success of FFF methods lies in their larger palette of 169 
available printable materials (see Table 1), their relatively lower cost and their more user-friendly 170 
systems and software. FFF works by heating thermoplastic filaments (linear macromolecules) 171 
through a heated nozzle above their softening point (glass transition/melting point according to 172 
the material). The softened material is deposited onto the build platform, following the computer 173 
specifications, and then cooled down [97].  174 



 
 

Table 1. Comparison of the Fused Filament Fabrication (FFF), Polyjet/Multijet and Vat-Polymerization (VP) 3D printing in terms of microfluidic chips fabrication. The 175 
table compares the different methods of energy required to join materials (energy source), materials used, minimal printing features, smallest channel achieved, building 176 
speed, multi-material ability and pros/cons [52,69,98]. 177 

3D printing 
technique 

General characteristics  For microfluidic manufacturing 

Printing principle Material 
Finest 
machine 
resolution 

Advantages Disadvantages 

 

Smallest 
channel 
achieved  

Benefits Drawbacks 

Fused Filament 
Fabrication 
(FFF) 

A nozzle gun builds 
objects by layering 
softened/melted wires; 
the objects are then 
hardened by cooling 
down 

Polylactic acid (PLA), Acrylonitrile-
butadiene-styrene (ABS), 
Polycaprolactone (PCL), 
Polymethylmethacrylate (PMMA), 
Polyurethane (PU), Polystyrene (PS), 
Polycarbonate (PC), Polyether ether 
ketone (PEEK), cyclic olefin 
copolymer (COC), polypropylene 
(PP), polyglycolic acid (PGA), 
polyethylene terephthalate (PET), 
Polyamide, polyurethane (TPU) 

10-20 µm 
[99,100] 

Low cost; A vast 
range of processable 
thermoplastics; 
simplicity; open-
source machines; 
inexpensive 
materials; functional 
objects from common 
plastics; high printing 
speed 

Low level of 
precision; Nozzle 
clogging; anisotropy 
of the printed parts; 
only thermoplastics 
materials; weak 
mechanical 
properties; rough 
finish; weak 
interlayer bonding 

40 µm 
[101] 

Cost-affordable 
material per 
printed chip. 
Some materials 
present good 
biocompatibility 

Limited printing 
precision; 
resolution limited 
by nozzle diameter; 
Limited optical 
transparency; 
surface roughness 
might alter fluid 
flow 

Polyjet/MultiJet 

Jetting of 
photopolymerizable 
inks and subsequent 
curing of the material 

Photocurable resins/photopolymers. 
(meth)acrylate-based; liquid 
suspensions; elastomers and 
ceramic-based inks 
 

25 µm 
[102] 

High accuracy, 
precision, and surface 
finishing 
Multi-material/color 
objects can be 
obtained 

Materials are not so 
durable in time 
Sacrificial materials 
are difficult to 
recycle 
Post-processing 
might damage small 
features 
Low mechanical 
strength 

54 µm 
[103] 

Fast printing times, 
multi-material 
objects. 

Laborious material 
remotion from the 
microchannels; No 
transparency parts; 
rough surface 
 

Vat 
polymerization 
(VP) 

Selective curing of 
liquid resins contained 
in a vat. 

Photocurable resins/photopolymer. 
(meth)acrylate-based; epoxy; 
pristine acrylic resins; elastomers 
and ceramic-based formulations; 
composites and hybrid 
photopolymers 
 

0.6-2 µm 
[104,105] 

High accuracy and 
resolution; using 
flexible resins; 
smooth surface finish; 
versatility on raw 
material preparation; 
processing complex 
nanocomposites 

High costs; low 
printing times; 
Require support; 
post-processing to 
remove support; 
require post-curing; 
limited choice of 
materials; difficult to 
produce multi-
material parts 

18 µm 
[43] 

High printing 
resolution, fast 
printing chip times, 
good surface 
finishing; direct 
printing of fluidic 
channels 
 

Post-treatment to 
remove unreacted 
material from 
channels and 
supports 
Cytotoxicity 
Limited materials 
 
 

178 



 

The resolution and performance of FFF methods depend on various parameters, such as 179 
temperature, the viscosity of the extruded filament, layer height, layer density, shear force, nozzle 180 
diameter printing velocity and type of material. Hence, it is essential to balance these printing 181 
parameters to reach reliable printing resolutions and accuracy and avoid defects during the 3D 182 
printing step. Today, FFF-based 3D printers can be found with a printing resolution of 10 µm, a 183 
building size as large as 200 x 200 x 400 mm3, and a building speed as high as 500 mm/s [99,106]. 184 
The most common issue between FFF users is the inadequate adhesion between layers, leading to 185 
objects with poor mechanical properties. Such phenomenon occurs when some printing variables, 186 
such as the temperature of the processing, the temperature of the build platform (creating thermal 187 
shrinkage), and physicochemical properties of the material (e.g., heat transfer), are not well 188 
balanced [94]. Another common shortcoming of FFF methods is the lack of mechanical strength of 189 
the molten thermoplastic (it might not support itself during slow cooling) [52]. Indeed, some FFF 190 
machines use a secondary filament to support the object temporarily. This support material can be 191 
later removed by immersion in water or other types of solvents. Other drawbacks of FFF-based 3D 192 
printing are the vertical anisotropy, step structured surface (meaning low superficial resolution), 193 
layer adhesion between layers, porosities or air trapped between layers and nozzle clogging [97]. 194 

In FFF-3D printing methods, more than one nozzle can be used in the same printing process. 195 
Each nozzle can be loaded with different materials, enabling the manufacture of multi-material 196 
structures that display different properties and features in a single 3D printed object [107]. The 197 
printable filaments can also be loaded with fillers, fibers, dyes, and other additives (e.g., carbon 198 
black, glass fiber, carbon fiber and metallic powders), looking to impart specific characteristics. 199 
Various thermoplastic polymers with different features can be used in FFF-based 3D printing. The 200 
most common thermoplastics materials are polystyrene (PS), polycarbonate (PC), acrylonitrile-201 
butadiene-styrene copolymers (ABS), polymethylmethacrylate (PMMA), polylactic acid (PLA), 202 
polyetheretherketone (PEEK), poly-ε-caprolactone (PCL), and Polyamide or Nylon; few of them 203 
with biocompatible properties [94,96,108–111]. Fig. 3 shows the chemical structure of commonly 204 
used thermoplastics for FFF-3D printing. An alternative method to FFF printing is Direct Ink 205 
Writing or DIW, in which a paste is printed (Fig. 2.b-d) [112,113]. This technique can use air 206 
pressure, a piston, or a screw to extrude the material onto the build platform. In this case, the 207 
solidification of the material can be achieved by thermal effect, photopolymerization, chemical 208 
crosslinking, rapid phase transition, and fast solvent evaporation rate, and instead of printable 209 
filaments, the DIW technique uses viscoelastic materials (or inks) with suitable rheological 210 
properties. The rheological properties of the printable ink should guarantee continuity of extrusion 211 
and be self-consistent to ensure the correct piece formation during the layer-by-layer step [114]. 212 
Typical DIW inks are made of polymers mixed with suitable organic solvents or water to adjust the 213 
viscosity of the printable material. Besides, inks of high-molecular-weight oligomers or pastes with 214 
high inorganic material content can be used [115]. DIW can process various materials since many 215 
available polymers exhibit good rheological properties. In addition, DIW can be set with multiple 216 
dispensers and composite inks, allowing multi-material and functional structures fabrication. The 217 
most used materials for DIW are silicone elastomers, polyurethane, fluorinated polymers, cellulose 218 
and gelatin-based (see Fig. 3), hydrogels polymer-based colloids, nanocomposite (e.g., graphene 219 
oxide, carbon nanotubes, silver nanowires or MXenes) and even biological material (in this case, 220 
the printing techniques are better referred to as bioprinting) [116–122].  221 

 222 



 

 223 

Fig. 2. Representation of (a) Fused filament fabrication (FFF), Direct ink writing based on (b) pneumatic 224 
force, (c) a piston and (d) a screw to extrude the material, (e) Photopolymerization-based inkjet 3D 225 
printing, (f) Stereolithography (SL), (g) Digital light processing (DLP) and (h) Computed axial 226 
lithography (CAL) methods. 227 



 

One of the main disadvantages of DIW is the low printing velocity and resolution. In optimized 228 
conditions, the DIW can reach a printing resolution in the order of micrometers, but on the other 229 
hand, the printing time increases [118]. The highest DIW printing speed reported to date is 100 230 
mm/s, far below the speed of other printing techniques for polymers [54]. FFF methods offer 231 
microfluidic chip fabrication benefits, such as cost-affordable materials and equipment, high 232 
printing speed, and standardized and user-friendly apparatus. Moreover, many commercially 233 
available and biocompatible filaments can be processed for microfluidic chip fabrications. The first 234 
approach involves the use of 3D printing of filaments to build the negative molds to fabricate 235 
microfluidics by casting of PDMS. In this context, it is worthy to mention the pioneering work of 236 
Saggiomo and Velders [123]. Although this method was widely explored by researchers, this is out 237 
of the scope of this review, which aims at reporting direct 3D printing of microfluidics. Through 238 
FFF methods, interesting fluidic devices have been created with satisfactory results in 239 
transparency, resolution, and biocompatibility. For example, Bressan et al. developed 3D-printed 240 
microfluidic chips based on polylactic acid (PLA) to synthesize silver and gold nanoparticles 241 
[124,125]. By optimizing the printing parameter, the chips were fabricated with channels as small 242 
as 260 µm x 260 µm employed to well-control the fluid flow behavior for obtaining particles with 243 
the desired features. These particles were then used for biological applications such as crystal 244 
violet (CV) through SERS analysis or to improve the electrocatalytic capability of carbon paste 245 
electrode (CPE) for the electrochemical determination of gallic acid (GA) and thiocyanate ions. 246 
During FFF printing processes, the wall surfaces of the printed parts can be rough due to the 247 
deposition of melted filaments. Therefore, channels with a well-established sidewall dimension are 248 
quite challenging to produce with such a 3D printing technique. 249 

 250 



 

 251 

Fig. 3. Chemical structure of some commercially available polymers (thermoplastics and thermosets) 252 
used for polymeric 3D printing.  253 

During FFF printing processes, the filament deposition can influence the walls’ features, 254 
producing uneven surfaces. Therefore, channels with a well-established sidewall dimension are 255 
quite challenging to produce with FFF printing technique. Though, such surface characteristics 256 
might be used as an advantage for fluid mixing, since the surface roughness can alter the fluid 257 
behavior during the flow [126]. For example, Li et al. demonstrated how the extruded filament 258 
orientation could enhance fluidic behavior control [127]. They developed various microfluidic 259 
chips (channels of 500 µm x 500 µm) with different printing orientations of the filament (0°, 30°, 260 
60°, and 90°) respecting the fluid flow direction to examine the fluid mixing performance (Fig. 4.a). 261 
These chips were produced with good optical transparency using a commercial filament, Crystal 262 
Clear acrylonitrile-butadiene-styrene (ABS) from 3D Systems. Li and coworkers showed that in 263 
microfluidic chips, where the extruded filament was oriented at 60° to the flow direction, the 264 
mixing of fluids in laminar flow was achieved without any complex channel geometry or other 265 
passive mixers. Moreover, the authors demonstrated that chips' mixing performance could be 266 
adjusted by changing the filament orientation at 0° and 90°. The researchers performed simple 267 
colorimetric assays to measure the content of iron in environmental water samples, where is 268 
desired a mixing property.  269 

The fabrication of truly microfluidic devices (<100 µm) is still challenging using FFF-3D printing. 270 
The typically requested microchannel dimensions are much smaller than most extruded filaments 271 



 

and nozzles available today. Moreover, another shortcoming of FFF-3D printing is that only a few 272 
thermoplastic filaments might be used to produce optically transparent structures, which is one of 273 
the most requested characteristics of microfluidic devices for allowing the correct real-time 274 
visualization of the fluids. Some interesting strategies have been followed in this sense. For 275 
example, Kotz and coworkers produced transparent chips using commercially available 276 
polymethylmethacrylate (PMMA) filament, one of the most used materials for microfluidic chip 277 
fabrication [128]. With PMMA filaments (from Material4print), the authors created chips with a 278 
minimum channel width of about 300 µm x 300 µm. The chips' bottom transparency (the region of 279 
interest for proteins patterning) was significantly improved by directly printing onto PMMA sheets 280 
(not created by FFF 3d printing). These chips were used for mixing dyed water. The chip's surface 281 
was then selectively photopatterned with fluorescently labeled biotin (F5B), showing the easy 282 
biofunctionalization of 3D printed closed PMMA chips (Fig. 4.b). Similar work was presented by 283 
Bressan et al. by directly printing PLA filaments onto PMMA sheets, obtaining 3D printed 284 
microdevices with transparent bottoms [129]. The authors produced complex-shaped microfluidic 285 
devices with microchannels dimensions as narrow as 200 μm x 200 μm and with an optically 286 
transparent window in a single printing step that can be applied to perform a series of chemical 287 
measurements and visualize Saccharomyces cerevisiae microorganisms. Transparent microfluidic 288 
chips were also obtained from Nelson et al. using a commercial thermoplastic polyurethane 289 
filament (SainSmart Clear flexible TPU) [101]. They developed microfluidic chips with optical 290 
transparency (up to 85 % of transmission), chemical solvent stability, high-pressure resistance, 291 
and flexibility (see Fig. 4.c). The printed chips' biocompatibility was demonstrated by culturing 292 
mouse inner medullary collecting duct cells (mIMCD3). The researchers produced microfluidic 293 
chips with channel features as small as 50 µm x 50 µm (the smallest one by FFF to date) in less than 294 
25 minutes. Other researchers developed transparent and sealed microfluidic chips with PLA as an 295 
alternative to conventional polydimethylsiloxane material (PDMS), acting as an electronic tongue 296 
(e-tongue). These flexible and interdigitated microfluidic chips could distinguish tastes below the 297 
human threshold. The chips were built within less than one hour, using a homemade 3D printer 298 
[130]. In addition to PLA, other types of cost-affordable materials can also be used. As reported in 299 
2018 by Romanov and coworkers, 3D printed microfluidic chips with a channel dimension of about 300 
400 μm were produced with either polylactic acid (PLA) or polyethylene terephthalate glycol 301 
(PETg) through two different types of commercially available low-cost FDM-3D printers: Prusa i3 302 
($ 600) and LulzBot ($ 2500) [131]. Such devices presented high-pressure, heat resistance, and 303 
glass-like layer characteristics, features that were useful for DNA melting analysis and facilitated 304 
the optical visualization of fluids in droplet generation and tracking and identifying DNA. Direct ink 305 
writing (DIW) methods have also been used for fabrication microstructures or microfluidic devices. 306 



 

 307 

Fig. 4. 3D printed microfluidic chips fabricated by Fused Filament Fabrication (FFF)-3D printing. (a) 308 
Microscopic photographs of the laminar fluid flow inside 500μmx500μm channel toward a 309 
750μmx500μm channel, where yellow/blue dyed water is passed through microfluidic channels 310 
fabricated by FFF methods at 0°,30°,60°, and 90° of filament orientation. The results were compared 311 
with chips produced using Eden (Polyjet) and Miicraft+ (DLP-SL) printers. Plots of distance vs. mixing 312 
ratio demonstrated the diffusion through the laminar flow channel at 25, 50, and 100 μL/min. Reprinted 313 
with permission from Ref. [127] (b) 3D printed chips in PMMA: 1) Microchip cascade for mixing 314 
yellow/blue-dyed water, 2) chip with a square channel of 600 µm x 600 µm, 3) improved mixer 315 
structure of 600 µm x 600 µm channel, and 4) 3D printed serpentine-liked channel produced around a 316 
straight channel, containing an aqueous fluorescent dye. Images with a scale bar of 10 mm. Ref. [128]. 317 
(c) Transparent 3D printed microfluidic chips made of polyurethane (TPU) images showing 1) the 318 
flexibility, 2) the chip transparency, and 3) mIMCD3 cells behavior where a characteristic cobblestone 319 
appearance was observed in both, control wells, and 3D printed TPU (scale bars = 100 µm). Reprinted 320 
with permission from Ref. [101]. 321 

Ching et al. introduced a method for fabricating microfluidic devices by directly depositing the 322 
extruded filament material onto a flat substrate using a commercial desktop DIW-3D printer [132]. 323 
The material used was a commercial silicone elastomer (Silicone sealant, Wet Area Speedseal®) 324 
patterned onto a sheet of polymethylmethacrylate (PMMA). Once the machine sketched the 325 
microchannel features, a second PMMA was used to close the device; then, a laser created the inlets 326 
and outlets elements. By intercalating multiple PMMA sheets between each printed silicone 327 
microstructure, the authors produced 3D networks of microchannels. Through such DIW method, 328 
the researchers could select the substrate (i.e., PMMA) with the required characteristics such as 329 
optical transparency and biocompatibility. Additionally, Ching and coworkers were able to willfully 330 
deform the microchannel to control the channel dimension (owing the elastomeric characteristics 331 



 

of the material), reaching features as small as near 32 μm (in width) and 20 μm (in height). Through 332 
this approach, the authors pointed out three key beneficial points for the manufacturing of 333 
microfluidic chips: (1) the possibility of tuning channel dimensions, (2) the possibility of 334 
incorporating diverse types of substrates, according to the looked-for characteristic, and (3) the 335 
possibility of integrating fluid-handling and functional components such as valve and pumps in the 336 
same 3D printing process. However, the method proposed by Ching et al. requires certain manual 337 
labor to thread the PMMA sheets during 3D printing. On the other side, this method does not 338 
require removing supporting material from the microchannels, which could be a great advantage 339 
when handling fragile or delicate microfluidic systems. Athanasiadis et al. developed a DIW-based 340 
strategy to produce filaments with an internal microfluidic channel [133]. They used the 3D printer 341 
(3D discovery bioprinter, Regen HU) to first deposit a filament made of silicone elastomer 342 
(polydimethylsiloxane, SE1700 from Dow Corning) and then modify the just deposited filament 343 
with the same printing nozzle, used as a “pencil,” to remove part of the material. The authors set 344 
the correct printing parameters (i.e., pneumatic pressure, nozzle diameter, nozzle heigh, and 345 
extrusion speed) to perform the post-extrusion modification and create groove-shaped filaments. 346 
Programming the stylus nozzle position above the substrate, the groove depth increase making 347 
collapse the groove walls, closing it and producing the channel. The width of the groove depends 348 
on the external diameter of the printing nozzle, which in the case of the authors was 430 µm. Even 349 
though such a strategy allowed the creation of fibers with microfluid channels), the channel 350 
dimension depended on the external diameter of the nozzle. Hu et al. described an easy way to 351 
produce PDMS-based microfluidic chips using a 3D printed sacrificial microstructure [134]. The 352 
researchers used a 3D-plotter (EnvisionTEC) to pattern the material on a PDMS substrate in a petri 353 
dish, creating fugitive or sacrificial microstructures for PDMS casting. The material was the water-354 
soluble Pluronic F-127 ink that, once is plotted on the substrate surface, the microstructure was 355 
encapsulated with PDMS by casting. By this strategy, microdevices with channel widths varying 356 
from 300 to 570 μm were obtained by setting the right printing parameters. The Pluronic F-127 357 
material contained inside the channels was removed, after the PDMS curing, by constantly flushing 358 
cold water and ethanol. Such a hybrid manufacturing approach allowed the authors to produce 359 
flexible, transparent, and low-cost microfluidic devices used to acetylate various amines through 360 
microwave irradiation, obtaining acetamides in shorter reaction times and good yields than 361 
conventional chemical methods. Looking for an easier integration of microfluidic devices in 362 
laboratory analysis and applications, some researchers have focused their work on creating 363 
polymeric micropumps through 3D printing [135]. Alvarez-Braña et al. created a set of polymeric 364 
micropumps using different materials, geometry, and 3D printing fabrication techniques. The 365 
authors presented the production of different self-powered modular micropumps using FFF (and 366 
other techniques such as SLA, DLP) printing techniques,  studing their performance when 367 
integrated into a portable and low-cost microfluidic cartridge. In the works, the authors showed 368 
the great benefits of 3D printing in developing modular micropumps (with cylindrical cavities of 369 
800 μm in diameter and 4 mm in depth), especially when these microparts are designed with a 370 
geometry that cannot be produced by conventional techniques. The micropumps were designed 371 
and fabricated to create autonomous flow microsystems when these are assembled with common 372 
microfluidic devices. The researchers also demonstrated that the 3D printed micropumps were 373 
responsible for the movement of the liquid through the microchannels by generating a negative 374 
pressure in the channel. Such pressure from the micropumps can be tuned according to suction 375 
properties and air absorption surfaces of the microfluidic material. The authors demonstrated the 376 
potentiality of their 3D printed micropumps by assembling them into a polymeric microfluidic 377 
cartridge to carry out a self-powered microfluidic device for colorimetric starch detection, 378 



 

introducing innovative elements for the development of integrated microsystems for applications 379 
such as rapid analysis at the point-of-care. 380 

2.2. Inkjet-based 3D printing method (i3Dp) 381 

Inkjet-based 3D printing, i.e., Polyjet and MultiJet, is a method that employs photocurable resins 382 
deposited selectively on a platform drop-by-drop, as schematized in Fig. 2.e [136]. After the 383 
deposition of the first layer, a UV lamp, located inside the machine chamber, rapidly cures it. The 384 
platform stage is lowered, and the next film is built, repeating the process until obtaining the final 385 
structure. During the i3Dp, a blade can be used to smooth the surface of the just printed layer to 386 
guarantee a clean and uniform layer before the light-curing phase.  387 

Polyjet 3D printing technique was invented in the latest '90s by Object Ltd (now Stratasys), 388 
being nowadays one the most commercially available 3DP methods. While in 1996, 3D Systems 389 
presented their material jetting method commercialized as MultiJet printing [137,138]. A common 390 
configuration of these printing techniques consists of various jetting heads, a three-axis motion 391 
platform, and the UV-curing device. In most of the Inkjet-based 3D printing methods, the jetting of 392 
material can be achieved by two modalities: continuous inkjet (CIJ) and drop-on-demand (DOD) 393 
[139,140]. In the CIJ-based methods, the photopolymer is continuously jetted through the nozzle 394 
by pressure action, generating a stream of droplets according to the Rayleigh-Plateau instability 395 
phenomenon of the liquid column, as described by others works [141,142]. In the DOD-based 396 
methods, the pressures pulse generates the droplets, and when this pulse exceeds the threshold at 397 
the nozzle, the droplets are ejected. Commonly, the velocity of droplets generation with CIJ-based 398 
3D printing methods is higher than DOD-based ones with >10 m/s and 5–8 m/s, respectively [141]. 399 
The printing resolution of the inkjet-based technique is limited to hundreds of micrometers, 400 
depending on factors such as droplet diameter, the impact of the droplets onto the platform, the 401 
contact angle between the droplet and the substrate [137,141]. During a typical i3D printing 402 
condition, the printer heads spray two different materials: the building and support/sacrificial 403 
materials (used to maintain the just deposited and still liquid building material) [139,143]. In 404 
Polyjet, this sacrificial material combines acrylate monomers and other elements such as 405 
polyethylene and propylene that can be removed after the printing step by high-pressure waterjet 406 
or solvent dissolution. In MultiJet, the sacrificial material is a wax composition that is melted in a 407 
dedicated post-printing process. Both building and sacrificial material should present two crucial 408 
requirements for i3Dp use: (i) appropriate fluid properties to guarantee droplets' correct 409 
formation and precise deposition (low-viscosity materials are preferred) and (ii) high 410 
photopolymerization (curing) rate to polymerize the deposited material fast, avoiding losing the 411 
structure shape [54].  412 

In general, i3Dp formulations are made of a mix of monomers and oligomers, photoinitiators, 413 
dyes and other additives. Monomers and oligomers are reactive polymers with functional groups 414 
(unsaturated functional groups or C=C) necessary to create the polymeric network. The chemical 415 
structures of the most common monomers and oligomers used are depicted in Fig. 3. The backbone 416 
of these reagents defines the polymerized part's final physical and mechanical properties (together 417 
with the appropriate adhesion between cured layers). Photoinitiators are compounds that absorb 418 
part of the incident light, generating reactive species or radicals through chemical transformations. 419 
These species interact with monomers and oligomers, enabling the photopolymerization 420 
mechanism [144,145]. Table 2 shows the most typical photoinitiators used for 3D printable 421 
photopolymers preparation. Dyes or pigments are organic or organometallic molecules used to 422 



 

control the light's penetration during 3D printing (Z-axis) to enhance the printing resolution (X-Y 423 
plane) [146]. Other additives can be combined with printable ink, such as reactive diluents used to 424 
adjust the material’s viscosity or enhance the solubility of other components such as 425 
photoinitiators or dyes [147,148]. Nano-fillers such as silica or clay fillers can also be combined 426 
with the printable ink (according to the nozzle diameter and final viscosity of the ink) to enhance 427 
the specific characteristic of the final parts, such as the mechanical properties [149]. 428 

For microfluidic chips fabrication, photopolymer-based i3Dp is preferred over other material 429 
jetting techniques such as thermal-curing-based since they combine the benefits of lithographic 430 
methods (e.g., high spatial resolution, high feature definition and good surface quality) and high 431 
build speed, material versatilities and large build volume from material jetting techniques [102]. 432 
Using Polyjet or Multijet-based printing methods, the printed microchips' surface features could be 433 
significantly enhanced compared to FFF-3D printing (although the prices are typically higher than 434 
FFF methods). Moreover, with these i3Dp methods, the printing speed and the microfluidic chips' 435 
accuracy can be higher in all axes to the extrusion-based techniques [150]. Lee et al. reported 436 
microfluidic chips by Polyjet with a nominal X-Y plane and z dimensions of 500 μm and 100 μm, 437 
respectively, with an average deviation (between the printed part and the CAD design) of 25.2 μm 438 
and with smoother features (surface roughness of 0.47 μm) compared to 67.8 μm of average 439 
deviation and 42.97 μm of surface roughness of FFF-3D printed parts (Fig. 5.a) [151]. These 440 
microfluidic chips, made from commercial material (FullCure, Stratasys), presented high cell 441 
viability toward C2C12 cells as a function of an appropriate post-printing sterilization step.  442 

Table 2. Most common type I and II free radical photoinitiators for photopolymerization-based 3D 443 
printing.  444 

Compound name Type a) Structure 
Range of 
absorption (nm)  

2-hydroxy-2-methyl 
propiophenone (HMMP) 

I 

 

 

(320-360) 
[152] 

2,2-dimethoxy-2-
phenylacetophenone (DMPA) 

I 

 

(310-370)  
[153] 

Diphenyl(2,4,6-trimethylbenzoyl)-
phosphine oxide (TPO) 

I 

 

(350-410) 
[154,155] 

phenyl bis (2,4,6-
trimethylbenzoyl)-phosphine 
oxide (BAPO) 

I 

 

(360-440) 
[154] 

lithium phenyl-2 4 6-
trimethylbenzoyl phosphinate 
(LAP) 

I 

 

(340-400) 
[156] 

Benzophenone II 

 

(230-280) 
[157] 



 

2-Isopropylthioxanthone (ITX) II 

 

(320-400) 
[158] 

Camphorquinone (CQ) II 
 

 
 

(420-490) 
[159] 

a) Type I photoinitiators are compounds that undergo homolytic bond cleavage when absorbing photons, generating two 445 
free radicals from Norrish type I reactions and inducing the polymerization process. Type II photoinitiators are 446 
uncleavable organic molecules that have a more complex initiating mechanism. These bimolecular photoinitiators, upon 447 
light irradiation, can abstract hydrogen atoms from a hydrogen donor to produce excited complexes for initiating the 448 
polymerization. 449 

Sochol et al. developed advanced components used as fluidic capacitors, diodes, and transistors 450 
to construct integrated fluidic circuits (IFC) [160]. The components were fabricated using a 451 
commercial material, Visijet M3 Crystal from 3D Systems (see Fig. 5.b), presenting limited 452 
biocompatibility. Indeed, the investigators evidenced that further works are required using more 453 
biocompatible material for Multijet printing, such as MED610, or performing the appropriate post-454 
processing steps to provide higher biocompatibility to the chips. The authors produced reliable and 455 
sophisticated chips in which the functionalities could be customized by modifying the geometric 456 
parameters. Sweet and coworkers’ work produced a series of finger-powered actuator (FPA) 457 
prototypes using Visijet material through Polyjet 3D printing [161]. The pulsatile fluid motion 458 
capability of the fabricated devices was used as modular models for microfluidic actuation and 459 
mixing purposes in an integrated fluidic platform; see Fig. 5.c. A further advantage of inkjet-based 460 
3D printing is that it allows the fabrication of multiple microfluidic chips contemporaneously with 461 
high precision and accuracy. Walczak et al. presented the manufacturing of a series of microfluidic 462 
chips (up to 170 chips) during a single 3D printing process. The chips with diameter dimensions of 463 
400 μm and semi-transparent features were used for capillarity gel electrophoresis. After 464 
optimizing the printing parameters in terms of printing orientation, fluorescence detection of DNA 465 
was possible [162].  466 

In terms of optical transparency, highly transparent chips with intricate microchannels can also 467 
be produced using Polyjet for fluid mixing and optical analysis. The fluid profile of microfluidic 468 
systems is in a laminar flow; therefore, mixing different fluids efficiently and rapidly in this regime 469 
is a fundamental aspect of microfluidic chips for biological and chemical applications [163–165]. 470 
Enders et al. produced different micro-passive mixers through Polyjet methods with great optical 471 
features and sophisticated channel paths to study and compare the mixing performances between 472 
each configuration (Fig. 5.d) [166]. The designs of the most diffused mixer types, e.g., Caterpillar, 473 
enhanced Caterpillar, Tesla-like, and HC mixers, were produced using an acrylate-based material 474 
(VisiJet M2R-CL, 3D System). After a series of experimental and simulation comparison tests, they 475 
observed that Tesla-like and especially HC chips were the most suitable for the rapid and efficient 476 
mixing of fluids such as CHO-K1 (Chinese hamster ovary) cells. 477 

The resolution of the i3Dp is generally higher than extrusion-based methods; however, it is still 478 
challenging to obtain sub-100 μm channels since this technique requires using a support material 479 
to avoid filling the built microchannel during printing. The removal of the support material after 480 
printing implies complex post-printing treatments [43,63,167]. This setback could become even 481 
trickier when the microfluidic channel configuration increases the complexity and geometry. In this 482 
context, Castiaux and collaborators proposed an interesting strategy: instead of using conventional 483 



 

support material, the researchers stopped the printing process at a certain point to incorporate 484 
either a thin polycarbonate membrane or a liquid (composed of glycerol/isopropanol 65:35 v:v) as 485 
a physical barrier that can support the additional printed layers [103]. Both techniques 486 
demonstrated to be useful for creating complex-shaped microfluidic chips with channels 487 
dimensions as small as 15x250 μm, dimensions difficult to achieve by using conventional support 488 
material. However, the results obtained appear difficult to reproduce since the 250 µm x 15 μm 489 
channel was initially intended to be 125 µm x 54 μm according to their CAD design. Besides, it must 490 
be considered that stopping the printing procedure for placing extra material manually inevitably 491 
introduces additional labor in the process. One advantage of the i3Dp is its multi-material 492 
versatility by spraying various materials with different characteristics, e.g., mechanical or optical 493 
properties, during the same printing process [52,168]. Taking advantage of this characteristic, S. 494 
Keating et al. reported the 3D printing of multi-material valves using both rigid (VeroWhitePlus, 495 
RGD835, Stratasys) and flexible (TangoPlus, FLX930, Stratasys) materials. They compared the 496 
multi-material valves with single material valves observing that the former presents a more robust 497 
capability to deformation, enabling better and precise control of fluids, leading to automated 498 
production of microfluidic devices (Fig. 5.e) [169]. Keating and coworkers reported that such 499 
multipurpose fluidic chips with channels 800 µm x 800 μm and programmable valves might be 500 
used for various advanced biological applications such as DNA assembly and analysis, continuous 501 
sampling sensing, and soft robotics.  502 

 503 

Fig. 5. 3D printed milli- and microfluidic chips fabricated by photopolymer-based inkjet 3D printing 504 
methods. (a) Scanning electron microscope (SEM) images of microchannels obtained by i3Dp (1-3) 505 
compared to microchannels obtained by FFF (4-6), showing the surface roughness between both 506 
techniques. Reprinted with permission from Ref. [151]. (b) 3D printed DNA-inspired fluidic devices are 507 



 

composed of eight fluidic channels (750 μm in diameter) filled with different dye-colored solutions. 508 
Adapted with permission from Ref. [160]. (c) Working principle representation of a finger-powered 509 
two-fluid FPA prototype for fluid mixing of two distinct dyed-colored solutions. Adapted with 510 
permission from Ref. [161]. (d) Photographs of the 3D printed microfluidic mixers: 1) Caterpillar mixer, 511 
2) enhanced Caterpillar mixer, 3) Tesla-like mixer, and 4) HC mixer. Next to each image is shown the 512 
calculated mixing performances (from simulation tests) as a mixer length function. Reprinted with 513 
permission from Ref. [166]. (e) 3D printed microfluidic multichannel valves made of 1) a single material 514 
and 2) a multi-material. Ref. [169]. 515 

Hence, the i3Dp techniques can be used for microfluidic chip fabrication with remarkable 516 
results, even if this technique requires a considerable post-printing process to clean the 517 
microchannels without damaging the microdevices correctly. Other aspects to consider are that 518 
i3Dp presents a relatively high initial cost in equipment and consumables. Besides, the window of 519 
available materials for i3Dp is limited since they are restrained by the range of viscosity and high 520 
curing rate other liquid properties (e.g., ink surface tension) requirements. Moreover, the printable 521 
materials are "regulated" formulations, developed only by the owners and therefore difficult to 522 
modify or adjust. Finally, more in-depth studies about the biocompatibility of the printable inks are 523 
still missing [58,102]. 524 

 525 

 526 

2.3. Vat polymerization method  527 

Vat polymerization (VP) 3D printing is another photopolymerization-based technique that 528 
involves using a vat containing a liquid photopolymer [170]. This technique presents valuable 529 
features for microfluidic chips fabrication, e.g., high printing resolution and accuracy, faster 530 
printing times, and more flexibility in material tailoring and development than other polymeric 3D 531 
printing techniques (see Table 1) [90,170–174]. The VP-3D printing technique was introduced in 532 
the early ‘80s when the stereolithography (SL) method was developed by Hideo Kodama and 533 
Charles Hull works [175,176]. In the following years, various SL-based methods were developed, 534 
e.g., Digital Light Processing (DLP) [59,177], Micro-Stereolithography 3D printing (µSL) [178], 535 
Continuous Liquid Interface Production (CLIP) [179,180], Two-Photon Polymerization(2PP) [181], 536 
and Computed Axial Lithography (CAL) [182]. The stereolithography (SL) method is based on the 537 
selective polymerization of photopolymers by using a laser beam focused on the liquid 538 
photopolymer, as represented in Fig. 2.f. The polymer is formed by moving the laser over the resin 539 
surface (usually using a galvanometric head to control the laser) to create the first layer [183]. This 540 
polymerized layer remains attached to the building platform that is lowered according to the layer 541 
slicing step. The subsequent layers are ‘printed’ following the same procedure until the complete 542 
fabrication of the object. The printed parts are subjected to post-curing processes to reach the 543 
highest chemical conversions possible [68]. SL machines can be configured either top-down (Fig 544 
2.f) or bottom-up approaches [172]. In the top-down configuration, the light comes from above, 545 
and the platform is submerged in the liquid as the part is created. While in the bottom-up, the laser 546 
beam hits the resin from the bottom of the vat through a transparent window, and the object 547 
remains attached to the platform that rises according to the formation of each layer. Generally, the 548 
bottom-up approach is preferred over the top-down since it is not dependent on the vat depth, and 549 
it requires less printable material (since it is not necessary to fill the entire vat to print).  550 

With SL-3DP, printing features below 10 µm can be achieved [184]. At the beginning of the 90s, 551 
a derived SL technology was created, the micro-stereolithography 3D printing (MSL o µSL) with a 552 



 

laser spot of about 5 µm [178]. Through µSL-3D printing, structures with sub-1 µm as a minimum 553 
feature size can be achieved [185]. Another SL-based is the Digital Light Processing 3D printing 554 
(DLP™). The DLP-based 3D printers are built by deformable mirror device (DMD) chips produced 555 
by Texas Instruments (see Fig. 2.g) [186,187]. In these configurations, each micromirror on the 556 
DMD represents one pixel in the digital image, which can drive to printing resolutions of 3 -5 µm in 557 
the X-Y plane according to the optical setup [188]. In the DLP-3D printing configurations, the parts 558 
are produced by projecting an entire cross-section of the object (plane-by-plane approach) rather 559 
than drawing it by a laser (line-by-line) as the case for SL methods. The photopolymerization of an 560 
entire cross-section of the object can significantly reduce printing times compared to SL 561 
techniques. Currently, commercial DLP-based printers present printing resolutions as small as 40 562 
x 40 µm [177]. A variation of DLP-3D printing is the CLIP method which stands for Continuous 563 
Liquid Interface Production. CLIP-3D printing allows the continuous fabrication of objects by 564 
creating a thin interfacial layer of oxygen through an oxygen-permeable window. This thin oxygen 565 
layer (a dead zone) inhibits the free-radical polymerization only in the interface between the 566 
polymer film and the transparent window. Therefore, the just-built film does not adhere to the vat 567 
bottom; and the printing speed increases considerably up to hundreds of millimeters per hour. 568 
With the CLIP approach, large-scale and complex-shaped structures can be produced, maintaining 569 
high resolution [179,180]. Other light-based 3D printing methods have been developed in recent 570 
years, such as two-photon polymerization (2PP) or Computed Axial Lithography (CAL). The 2PP 571 
method is also based on a laser that scans a photopolymer [188]. The main peculiarity of the 2PP 572 
is that the process is activated by almost simultaneous absorption of two photons, which starts the 573 
free-radical polymerization, allowing polymerization control in the range of nanometer. [181,189] 574 
Some of the common drawbacks of 2PP are the limited dimensions of fabrication (no more than 1 575 
mm height) and the lower printing velocity, which is about 0.5-1 mm/s, compared to some SL 576 
techniques (200-300 mm/s) [190]. Besides, 2PP requires expensive equipment to set the optical 577 
arrangement [191]. Many researchers have been employed 2PP as a complementary tool to 578 
produce nanometric-scale structures, which can be integrated into microfluidic devices. The idea 579 
of producing a single microfluidic device that can be easily handled in laboratories using 2PP is still 580 
far from being a reality, so this technique will not be discussed in this review. Computed Axial 581 
Lithography (CAL) is a volumetric configuration developed as an alternative to the layer-by-layer 582 
3D printing approach [182]. CAL methods are based on computed tomography (CT) scans to 583 
generate a hologram within a controlled photopolymer volume, as shown in Fig. 2.h [192]. This 584 
hologram is created by the simultaneous projection of multiple 2D images while the vat container 585 
is rotating. The 2D images propagate through the liquid resin from different angles, resulting in a 586 
three-dimensional hologram with enough energy to photocuring, at once, a volume of 587 
photopolymer [193]. A fundamental parameter of CAL techniques is the rotation velocity that 588 
might directly influence the printing features when the rotary system is not in sync with the 589 
projected images. Another parameter of CAL is finding and adjusting the resins' viscosity since it 590 
must be high enough to avoid the relative shift between the 3D printed model and the rest of the 591 
liquid resin. CAL techniques' advantages are related to great production speed and surface 592 
definition, and these techniques can polymerize high viscosity resins (up to approximately 90 000 593 
cP) that are difficult to achieve with other techniques such as DLP or SL [194].  594 

In all these SL-derived 3DP techniques, the printing part enters into contact with the liquid 595 
during the printing process. Hence, one crucial point is that the polymerized object is insoluble in 596 
the liquid resin, i.e., the cured structure remains dimensionally and mechanically invariable when 597 
contacting the liquid resin. Such a condition is achieved by using cross-linkable photopolymers and 598 



 

supplying the system with sufficient light energy to reach the material's gel point (the point where 599 
the liquid system starts to show more solid-like mechanical features, becoming insoluble) [170]. 600 
As for inks used in i3Dp, photopolymer for VP-3D printing combines, typically, three main chemical 601 
components: monomers/oligomers, photoinitiators, and additives. These formulations are mainly 602 
based on free-radically polymerizable resins, more frequently (meth)acrylate functionalities 603 
characterized by unsaturated C=C double bonds [195]. Such reactive groups are employed since 604 
they present high reactivity upon light irradiation, well-established mechanisms of reactions, and 605 
a wide range of (meth)acrylate-based are commercially available [196]. A few examples of the most 606 
used (meth)acrylate-based monomers and oligomers are depicted in Fig. 3. Other functionalities 607 
can also be employed, such as unsaturated polyester, vinyl, vinyl ether, thiol-ene/yne, and even 608 
cationic-based systems (in combination with free-radical systems) [197–200]. In general, the 609 
selection of suitable monomers or oligomers for vat polymerization is based on the specific 610 
application and the processing technology to be used. The main criteria are the resin functionality 611 
(mono-, di- or polyfunctional-), viscosity, reaction kinetic, hydrophobicity/hydrophilicity, 612 
shrinkage, costs, shelf life, volatility, toxicity, and the final mechanical and functional characteristic 613 
of the polymerized product [201]. As photoinitiators, different chemical compounds can be used 614 
and can operate in different electromagnetic spectrum wavelengths, e.g., UV, visible, and NIR [202–615 
207]. These compounds can be divided into Type I (which directly generate the initiating species) 616 
and Type II (which needs a co-initiator to generate the initiating species) photoinitiators (see Table 617 
2) and have been widely explored in the literature, and most of them can be found commercially 618 
[208–218]. However, developing more efficient photoinitiators is still of great scientific interest 619 
nowadays [219–225]. Free-radical photoinitiators are the most common substances employed in 620 
light-based 3D printing. Selecting an appropriate photoinitiator is crucial for the correct production 621 
of structures by 3D printing. The absorption spectrum of the photoinitiator must match the 622 
emission light from the printer's light source [59]. Other additives can be added to the formulation, 623 
e.g., dyes, reactive diluents or fillers to improve features or functionalities of the printed parts 624 
[146,226–233]. Many researchers find VP-3D Printing a flexible technique since, being an open 625 
technique, it can be possible to modify or adjust the liquid resin willfully [59,68,234].  626 

In the microfluidic field, VP-3DP found applications some years ago to fabricate templates for 627 
PDMS casting for photo-lithography procedures [235,236]. Although this approach led to 628 
interesting microfluidic parts, they still present a component of manual labor (not automated) that 629 
could introduce high levels of uncertainty or errors in microfluidic assays a posteriori. One of the 630 
reasons for using VP-3DP for microfluidic devices fabrication is the possibility of producing 631 
microchips in a single step of fabrication (or in the fewest possible steps) [237]. The printable 632 
materials used should satisfy some basic criteria in the microfluidic field, e.g., suitable mechanical 633 
characteristics, good optical transparency, water/gas permeability, and chemical resistance, and 634 
low cytotoxicity [201]. Fabricating polymeric 3D printed fluidic devices with all these features is a 635 
challenging task that has led to studying several types of printable photopolymers, ranging from 636 
commercially available photopolymers to custom-made formulations and performing adequate 637 
post-printing protocols on the parts [89,238]. Au et al., in 2014, presented one of the first attempts 638 
of using VP-3DP, producing single-step fluidic chips from a commercially available SL-3D printer 639 
(3D systems Viper) and the Somos® WaterShed XC 11122 resin (marketed as a suitable resin for 640 
obtaining biocompatible and transparent objects). [239]. The researchers produced microfluidic 641 
chips with channel dimensions down to 400 µm. Another early try was presented by Prof. 642 
Breadmore in 2014 using commercial DLP-based Miicraft (Hsinchu, Taiwan) and a colorless 643 
acrylate-based resin (from the printer owner) to fabricate enclosed fluidic devices [240]. The 644 



 

Miicraft is a bottom-up machine that allowed researchers to produce visible transparent 645 
microchips within a few minutes, with channel dimensions small as 250 µm and averaging $1 per 646 
chip. These early works probably provided the real starting signal for the effective production of 647 
microfluidic devices through VP-3D printing, even the technological limitations faced at that time. 648 
Gong et al. developed, in 2015, a mathematical model and performed optical characterization on a 649 
customized photopolymer to reach the smallest possible channel dimension into a microfluidic 650 
configuration [241]. In this case, the researchers developed their photopolymer based on a low-651 
molecular PEGDA (Mn 250 g/mol), the BAPO photoinitiator (see Table 2) and varying the dye 652 
concentration (the Solvent Yellow 14). By setting the appropriate experimental conditions (e.g., 653 
light dose, build layer thickness, and resin composition), channel sizes as small as 60 µm x 108 µm 654 
were successfully achieved. Later, in 2017, the same researcher group, led by Nordin G.P., 655 
continued their studies, achieving flow channels as small as 18 µm x 20 µm, the smallest channel 656 
achieved to date (see Fig. 6.a) [41]. In this case, the researchers developed a 385 nm-UV-3D printer 657 
and a customized PEGDA-based photopolymer with 2-nitrophenyl phenyl sulfide (NPS) as a dye. 658 
The results obtained allowed the production of microfluidic chips for various applications such as 659 
entrapping microparticles (25 µm) inside microchannels built with pillars and ridged of ∼ 30 µm 660 
for instance, Fig. 6.b [242], or for the extraction and separation of preterm birth (PTB) biomarkers 661 
(ferritin) in a microchannel of 45 µm x 50 µm [243]. Parker et al. recently developed microfluidic 662 
devices with cross-section channel dimensions of ∼ 50 µm for microchip electrophoresis (µCE) 663 
separation of various fluorescently labeled amino acids and biomarkers related to the risk of 664 
preterm birth (PTB) [244]. By optimizing the conditions of separations (e.g., devices layout, 665 
running buffer, and the voltages applied), the yield of separation of the printed devices was 666 
comparable to conventional material for microchip electrophoresis analysis with a limit of 667 
detection in the high picomolar (pM) to low nanomolar (nM) range; this was another example of 668 
how VP-3D printing could effectively be used for microfluidic chip fabrication.  669 



 

 670 

Fig. 6. 3D printed microfluidic chips fabricated by VP-3D printing. (a) 3D printed microchannels (height 671 
~ 18 μm) using a custom-made photopolymer based on PEGDA and NPS. Reprinted with permission 672 
from Ref. [41]. (b) Photograph showing the effect of the 3D printed particles trappers positioned at 673 
different zones of a microchannel: traps positioned 1) in the center of the channels, 2) staggered along 674 
the sides of the channel, 3) staggered along the sides, and in the middle of the channel, 4) traps partially 675 
formed after 500 ms of light exposure with no bead capture, 5) particle captured in well-formed traps 676 
after 750 ms of exposure, 6) overexposed traps after 1000 ms. Ref. [242]. (c) Nonplanar 3D printed 677 
flow-focusing device: 1) representation of the microfluidic flow cell chip, 2) CAD image of the flow cell 678 
model; 3) 3D printed chip using R11 resin, and 4) diameter of the droplet generated vs. flow rate ratio 679 
(FRR) of dispersed and continuous water-oil phases. Reprinted with permission from Ref. [245]. (d) 3D 680 
printed microfluidic-enabled hollow microneedle devices: 1) CAD design and representation of the 681 
process, 2) device composed with 3) three inlets converging into a spiral mixing chamber and a 4) 682 
hollow microneedle array outlet. Reprinted with permission from Ref. [246]. (e) Microfluidic devices 683 
from a methacrylate-PDMS-based resin: 1) PDMS-based microfluidic device with 500 µm wide channels 684 
using a commercial 385 nm SL machine. 2) a central stream of yellow dye (9 mL /h) flanked by two 685 
streams of blue dye (9 mL/h each) produces a heterogeneous laminar flow (9 mL h−1) in the ϐluidic 686 
chip. Reprinted with permission from Ref. [247]. (f) 3D printed perfluoropolyether (PFEP) microfluidic 687 
chip: 1) front view of the gradient mixing chip (scale bar: 2 mm) with channel 2) 800 μm x 800 μm filled 688 
with black ink (scale bar: 500 μm), 3) isometric view of the gradient mixing chip (scale bar: 2 mm) with 689 
channel 4) 600 μm x 600 μm filled with black ink (scale bar: 500 μm), 5) lateral view of the 800 μm 690 



 

channel width at the inlet and 6) in the middle (scale bar: 250μm), 7) lateral view of the 600 μm channel 691 
width at the inlet and 8) in the middle (scale bar: 250μm). Ref. [248]. 692 

Other important components of microfluidic chips, such as microvalves, micropumps, and other 693 
actuators, can also be produced using VP-3D printing. These components can be used to program 694 
the fluid flow and create liquid mixtures and gradients during the analysis, spearing the human 695 
labor during the tests. Gong et al. (from the G. Nordin laboratory) demonstrated reported in 2015 696 
the production of 3D printed valves that can be driven pneumatically by willfully deflecting a thin 697 
membrane with compressed air and blocking the fluid flow [249]. These actuators were produced 698 
using a commercial 3D printer (the B9 Creator printer v1.1) and a lab-made resin based on a low-699 
molecular PEGDA (Mn 250 g/mol), the BAPO photoinitiator and Sudan I dye. The same research 700 
group improved the stability over time of the valves and pumps, reaching performances up to 1 701 
million of actuation [250]. Besides, the authors optimized the valve’s volume (to a tenth of the 702 
original design), allowing the production of multiplexers with high-density valves integrated into 703 
microfluidic devices. The Nordin research team has been working on miniaturizing membrane-704 
based valves and pumps with active areas as small as 15 μm × 15 μm to be integrated into 3D 705 
printed microfluidic devices [251]. Au and coworkers reported an analogous work, presenting a 706 
fully 3D printed valve that could be integrated into microfluidic systems to allow fluids' proper 707 
distribution and mixing. The model was fabricated using a commercial rewin, the WaterShed XC 708 
11122 photopolymer (marketed as biocompatible and transparent) and the 3D systems Viper SL 709 
3D printer machine set in high-resolution mode. The printed valve consisted of two chambers 710 
separated by a thin film or membrane: a control chamber and a fluid chamber. By flushing 711 
compressed air in the control chamber, the thin membrane deflects and remains stable, blocking 712 
the liquids off with no leaking. As a proof of concept, the research team coupled four printed valves 713 
for routing four different liquids into a 3D-printed cell culture chamber, and in this way, CHO-K1 714 
cells were stimulated with ATP solutions, with the possibility to track their Ca2+-answer using a 715 
fluorescent dye (Fluo-4).  The same group presented an article where transparent and 716 
biocompatible microfluidic chips arranged with a series of large arrays of valves were cost-717 
affordable produced. In this case, the devices were produced using a customized photopolymer 718 
based on a low-molecular-weight (MW=258) monomer and using a commercial DLP-SL 3D printer 719 
from Asiga (Pico2-HD, 395 nm) [252].  720 

Researchers have also been focusing more on studying the structure biocompatibility. Takenaga 721 
et al. used a commercial printer (PicoPlus 27) from Asiga and a commercial resin from the same 722 
company (PlasCLEAR) to 3D-print fluidic systems, presenting an innovative microfluidic assembly 723 
method in which the 3D printed fluidic chip is arranged on a light-addressable potentiometric 724 
sensor (LAPS) chip made from the same photopolymer. [253] The researchers used these types of 725 
assembled devices for Chinese hamster ovary (CHO)-cell growth yielding comparable results to 726 
standard cell-culture flasks and giving the possibility to monitor cells' reaction in the channels in 727 
real-time. Kuo et al. developed transparent and biocompatible microfluidic chips from a 728 
photocurable resin based on low-molecular-weight PEGDA (Mw 250), BAPO photoinitiator and the 729 
isopropyl thioxanthone (ITX) photosensitizer [254]. The ITX compound is a Type II photoinitiator 730 
that could start the polymerization process in the presence of a co-initiator. However, in Kuo et al.’s 731 
work, no co-initiators were added to the resin, and the ITX was used as a UV absorber due to the 732 
high molar absorption at 385 nm (the printer’s light-emitting source). Besides, ITX neither affected 733 
the printed transparency of the microfluidic chips nor introduced unwanted coloration. The 734 
transparent chips were printed with the smallest channel width of 500 µm and having surface 735 
pillars in the order of a single-pixel (27 µm) and sub-pixel (~ 10 µm). After a post-printing process, 736 



 

the printed chips' biocompatibility was tested, testing the cell viability and proliferation of the 737 
Chinese hamster ovary (CHO-K1) with promising results.  738 

Different and interesting works were published presenting 3D printed microfluidic devices 739 
production for diversified applications. For instance, Wang et al. presented multilayered 3D 740 
microfluidic devices for flow-focusing water/oil droplet generation employing a liquid crystal 741 
display (LCD)-based SLA 3D printer [255]. However, the chips were obtained from a commercial 742 
acrylate-based resin, Spot-LV from Spot-A. The researcher opted for adding up to 2 wt.% of a green 743 
dye into the commercial photopolymer to increase the light-absorbing effect, and thus the printing 744 
resolution. They performed various tests (e.g., curing times and printing resolution in each 745 
direction) to create microfluidic chips with microchannels of 400 µm (X-Y plane) and 800 µm (Z-746 
axis), leading to obtaining 3D printed flow-focusing droplet generators that produced droplets with 747 
sizes between 50 and 185 mm2. Similar work was developed by Männel et al., presenting the 748 
production of nonplanar microfluidic flow cell devices for emulsion and polymeric 749 
hydrophilic/hydrophobic micro-particle formation [245]. The printed chips were produced 750 
through a commercial µSL-3DP (Perfactory P4 mini) and a commercial photopolymer (R11), both 751 
from Envisiontec. Printing settings such as object-resin vat separation distance, Z-axis building 752 
distance, and X-Y plane-light compensation at the edge’s stages were adjusted to print precise 753 
microfluidic with closed channel sizes down to 75 µm in a single-fabrication step (see Fig. 6.c). The 754 
3D printed microfluidic chips presented a similar drop-making yield to multi-step PDMS-based 755 
flow cell models fabricated by photo- and soft-lithography. Kotz et al. presented a simple method 756 
to 3D print microfluidic devices using a commercial printer (Asiga Pico 2) from a custom-made 757 
resin based on highly fluorinated (PFPE) methacrylate resin [248]. The authors selected the PFPE 758 
photocurable resin due to the high optical transparency and the polymerized parts' high chemical 759 
resistance. They opted to add into their resin two types of photoinitiator: TO and BAPO (See Table 760 
2), and various types of light absorbers: Sudan Orange G (SOG), Tinuvin 326 (T326), and Tinuvin 761 
384-2 (T384-2), to achieve the looked-for features. The researchers noted that the photopolymer 762 
stability was better using a SOG absorber, which also exhibits an intense absorption in the printer's 763 
light-emitting source (about 385 nm), leading to the 3D printing of embedded microfluidic chips 764 
(Fig. 6.f). As a result of the fine selection of materials, the 3D printed chips were produced with a 765 
channel width of 800 µm and a height of 600 µm as well as with high optical transparency. The 766 
printed chip presented excellent resistance toward organic solvents such as dichloromethane 767 
(DCM), N, N-dimethylformamide (DMF), tetrahydrofuran (THF) toluene, acetone, and n-heptane. 768 
In a curious work, Yeung et al. produced microfluidic chips made of an array of hollow microneedles 769 
positioned at the devices' outlet end (Fig. 6.d) [246]. The researchers employed a commercial SL-770 
3D printer (Form2) and biocompatible material (Dental LT clear), both from FormLab. The devices 771 
were designed and printed with three separate inlet microfluidic channels that converge in one 3D 772 
spiral chamber. The incoming fluids are hydrodynamically mixed in this last chamber, emerging 773 
well-homogenized at the outlet where the microneedles (width between 800 μm and 600 μm, 774 
height below 1 mm.) are positioned. Through the channels (2 mm roughly), three-fluorochrome 775 
model-drug solutions were injected, and it was observed by ex-vivo confocal microscopy analysis 776 
that the developed devices were able to achieve the transdermal drug delivery to porcine skin. The 777 
authors reported that such systems might be applied in preclinical drug therapy situations, 778 
allowing the in-situ mixing, and tuning of multiple drugs. Many works have also been reported 779 
utilizing custom-made photopolymers as alternatives to commercial printable materials.  780 

Other interesting works have been reported using lab-made resin based on 781 
polydimethylsiloxane (PDMS) reagents as an alternative to conventional PDMS (the Sylgard 184), 782 



 

which is typically used for producing microfluidic chips by casting. Bhattacharjee and coworkers 783 
created optically transparent PDMS-based microfluidic devices using a methacrylate-PDMS-based 784 
resin and a commercial desktop-SL 3D printer (see Fig. 6.e) [247]. The printed PDMS-based devices 785 
presented similar characteristics to the standard Sylgard 184 elastomer and produced chips with 786 
channel dimensions down to 500 µm. Once the adequate post-printing washing steps were 787 
performed, these devices presented a promising cytocompatibility toward mammalian cell lines. 788 
More recently, Zips et al. presented silicone-hydrogel hybrid resins' preparation to produce flexible 789 
microfluidic devices with integrated valves, mixers, and chambers through a commercial 790 
stereolithography 3D printer [256]. The authors obtained microfluidic structures with internal 791 
channels of 450 µm x 500 µm when the printed chip was bonded (top and down) to a glass slide. 792 
As a proof of concept, the researchers used their 3D printed silicone-based microfluidic device to 793 
cultivate cardiac cells (cardiomyocyte-like HL-1) in a specifically designed chamber inside the 794 
printed chip, showing that the cardiac cells retained their electrophysiological activity inside the 795 
silicone-based chamber. Our group recently reported the production of complex-shaped PDMS-796 
based fluidic devices by VP-3D printing [257]. The 3D printed chips were produced from a custom-797 
made photopolymer based on acrylate-PDMS, a silicone soluble BAPO-derivate photoinitiator and 798 
DR1-MA as a dye, and a commercial DLP-3D printer emitting at 405 nm (Asiga PICO 2). The PDMS-799 
based chips were obtained with good optical features, high chemical stability, good mechanical 800 
properties, and microchannels dimensions down to 400 µm x 400 µm. Besides, the microchannel's 801 
surfaces were successfully modified, exploiting the required UV-post-curing step by taking 802 
advantage of unreacted functional groups after the 3D printing step. In this way, the surface 803 
properties of the PDMS-based microdevices were effectively and selectively modified through UV-804 
induced grafting polymerization techniques, giving an added value to the printed devices in terms 805 
of surface treatment compared to other methods. Using continuous liquid interface production 806 
(CLIP) methods, Berger and coworkers developed microfluidic devices for pathogen detection 807 
[258]. The microdevices were produced using RPU70 material and the CLIP-printer Carbon M2. 808 
Although with RPU70, one can produce only opaque materials, it is mechanically resistant, 809 
chemically stable and compatible with various common solvents, it presents low water 810 
absorptivity, and it is biocompatible (according to SO 10993-5/-10) [259]. The authors developed 811 
microfluidic devices with open microchannels (or grooves) widths and depth small as 400 µm. The 812 
3D printed devices were covered with transparent biocompatible tape, allowing better 813 
visualization of the optical imaging during the filling. The printed chips were used to detect E. Coli 814 
bacteria from whole blood through a loop-mediated isothermal amplification (LAMP) assay with a 815 
50 cfu/μL limit of detection. The researchers reported a saponin-based lysing approach to process 816 
whole blood samples directly in the chip for amplification, which subsequently allowed the 817 
portable translation of the assay toward a point-of-a-care (POC) system using a smartphone.  818 

3. 3D printing microfluidic chips: key-points for future improvements 819 

Despite the inspiring and promising results obtained so far, there are still shortcomings that 820 
polymeric 3D printing should overcome to compete with well-established techniques for 821 
microchips fabrication, so to be considered a robust technology, and not just a promising 822 
alternative. The most looked-for characteristics in 3D printed fluidic chips are printing resolution 823 
and accuracy, optical transparency, and biocompatibility. Current commercial 3D printing 824 
resolution is still lower (or poorer) than conventional lithography methods. Most of the published 825 
works of 3D-printed microfluidics reported microchannels in the range of 0.5 - 1 mm. Researchers 826 
have been looking for novel methods to manufacture truly microfluidic devices (<100 µm). Some 827 



 

researchers achieved sub-millimeter dimension channels using not-so-quite handy and replicable 828 
methods. The truth is that these strategies are still highly experimental, and even more 829 
technological and material development is needed to converge 3D printing and microfluidic 830 
systems entirely.  831 

The FFF method is a 3D printing technique with a high printing speed and low initial cost. Using 832 
FFF, sacrificial masters can be produced, that can be dissolved in a post-3D printing step to develop 833 
truly sub-millimeters microfluidic chips (the smallest features 18 µm using a nozzle of 30 µm of 834 
diameter) [123,260]. However, for direct FFF 3D printing of microfluidic the precision remains 835 
quite above the sub-millimeter features. As discussed previously, photopolymer-based 3D printing 836 
methods are considered the best alternative for microfluidic chip manufacturing. Inkjet 3D printing 837 
(i3Dp) presents a better printing resolution than extrusion-based techniques. However, the correct 838 
fabrication of sub-microfluidic devices is limited by the supporting material used in the fabrication 839 
step. The supporting material can be trapped inside the channels, and it can be quite difficult to 840 
remove from the microchannels. In this view, an innovative strategy was presented based on the 841 
pausing-and-printing approach by introducing a thin sheet or liquid substances as a physical 842 
barrier rather than the conventional supporting material, leading researchers to reach sub-843 
millimeter channel dimensions through i3Dp [103]. However, this method is rather manual and 844 
depends on the correct alignment of the physical barrier. With vat polymerization techniques, 845 
larger-scale and precise microfluidic chips can be produced faster, though the transversal 846 
resolution is still to be improved [258]. The printing resolution of stereolithography and digital 847 
light processing 3D printing techniques can reach a few micrometers, although they typically 848 
present a lower printing speed than FFF and i3Dp [54]. The stringent request for the future on this 849 
side is the improvement of printing resolution to a range similar to soft lithography. This can be 850 
reached with 2PP; however, this equipment is not suitable for mass production. It is thus necessary 851 
for a synergistic improvement of machines technology, which hopefully can gather multiple 852 
technologies, and materials. 853 

Beyond resolution, another crucial feature for the 3D printing of microfluidic chips is 854 
biocompatibility [261–263]. Among the 3D printed techniques discussed in this review, FFF is with 855 
the wider commercially available biocompatible materials, as shown in Table 1 [101,102], e.g., 856 
polylactic acid (PLA), polymethylmethacrylate (PMMA), polycarbonate (PC), cyclic olefin 857 
copolymer (COC), polypropylene (PP), acrylonitrile-butadiene-styrene (ABS) and polyurethane 858 
(TPU). These materials can also be found in the market at good prices compared to other materials 859 
used for different polymeric 3D printing methods.  The situation is slightly different for 860 
photopolymerization-based inkjet and Vat polymerization 3D printing. Considering the nature of 861 
printable photopolymers, the printed objects frequently contain unreacted chemical products 862 
(monomers, photoinitiators, and additives) after the printing step. Such unreacted chemicals can 863 
be toxic to biological entities, hindering the full potential application in the biomedical field 864 
[264,265]. Many researchers have reported novel formulations using hydrogels [120,266–269]. 865 
Hydrogels’ main characteristic is their great compatibility with biological entities since they are 866 
designed to uptake high water content (> 90 wt.%) [270]. These features make hydrogels attractive 867 
for medical, biomedical and pharmaceutics applications [271,272]. Though, their implementation 868 
for microfluidic devices' manufacturing has not been completely adopted because hydrogels could 869 
interact undesirably with the fluids flushing through the microchannels, leading to structural 870 
changes of the chips [267]. An aspect to consider is that the printed microfluidic devices need to 871 
operate with delicate aqueous-based analytes in cell culture or tissue engineering applications 872 
[273], which could be solved using hydrogels with partially hydrophobic characteristics [256]. On 873 



 

the other hand, fluidic platforms made with more dimensionally stable and water-free polymers 874 
could enable better performance of microfluidic devices, even if the biocompatibility features are 875 
not so great as hydrogels. Recent studies have shown the importance of improving the 876 
biocompatibility of such water-free structures [273,274]. In this frame, diverse commercial 877 
photopolymers marketed as biocompatible have been reported [245,275]. However, as discussed 878 
in the review, only a few studies have been carried out related to the material-biological unit 879 
interactions. Most of the studies have been focused on Vat polymerization techniques; for instance, 880 
a detailed characterization of four commercial photopolymers (from Formlab) was carried out by 881 
Piironen et al., studying their compatibility toward cell lines [276]. The researchers concluded that 882 
even if a commercial resin is ISO-certified as biocompatible, it does not imply an adequate cell 883 
interaction of the produced parts. They observed that the most crucial point is performing a post-884 
printing procedure on objects to remove the toxic component and improve biocompatibility. Other 885 
researchers reached a similar conclusion [277,278]. In all these previous works, the result was 886 
common: more attention must be paid to the post-printing procedures to reduce the leaching of 887 
toxic compounds from the printed parts.  888 

Even following a post-printing procedure, the lack of detailed information from the supplier 889 
about the chemical composition of the resin further complicates the biological studies performance 890 
of the printed parts. Herein, the growing interest in developing custom-made photopolymers for 891 
3D printing with biocompatibility features [187,279]. In this line, the idea is to formulate resins to 892 
obtain printed parts with adequate biocompatibility and reduced cytotoxicity, which could be 893 
foreseen as biocompatible materials for advanced applications after standard treatment 894 
validations [68,280]. The development of in-lab and more biocompatible materials, however, could 895 
be achieved mainly using vat polymerization techniques owing to their versatility in material 896 
preparation (while for i3Dp, producing and implementing in-house materials is hindered by the 897 
restriction level of the machines' owners). A work from Nordin’s group demonstrated that printed 898 
parts (based on PEGDA, Mn 250) were noncytotoxic toward endothelial cells (EA. hy926) even 899 
without any post-printing treatment [274]. Männel et al. evaluated the biocompatibility of 900 
(meth)acrylate resins toward human umbilical vein endothelial cells (HUVECs) [273]. They tested 901 
resins such as PEGMEMA (Mn 500 g/mol), TPGDA (Mn 300.55 g/mol), POEA (Mw 192.21 g/mol) 902 
and PEGDA (Mn 575 g/mol). They noticed that a combination of PEGDA and PEGMEMA was the 903 
most suitable composition, observing a cell proliferation after five (5) days of culture. Different 904 
researchers have explored how the biocompatibility of the printed parts can be increased by 905 
removing or reducing the unreacted and potential cytotoxic products by following the appropriate 906 
post-printing steps [170,281,282]. Though, the printed objects' bio-functionality can also be 907 
enhanced by performing particular post-3D printing protocols not to remove the potentially 908 
cytotoxic components from their surface (or “passivation”) but by coupling bio-functional groups 909 
on their surfaces (or “activation”). These functional groups might be active biological molecules 910 
such as antibodies, peptides, nucleic acids, or biocompatible compounds to promote biological 911 
interactions like carboxylic acid groups or thiols. As proposed by Männel and coworkers in their 912 
work, the bioproperties of 3D printed parts might be significantly enhanced if RGD tripeptides are 913 
incorporated in the photosensitive resin rather than performing post-printing procedures [273]. 914 
By adding Br-containing vinyl-terminated initiator into a commercial UV curable resin, 3D printed 915 
objects with modifiable surfaces can be obtained [283]. Such an approach promotes polymer 916 
brushes' growth via surface-initiated atom transfer radical polymerization (SI-ATRP) that can be 917 
potentially used in the biomedical field. This “activation” strategy could be an interesting path to 918 



 

follow to introduce functional biomolecules that might enhance the biocompatibility or the bio-919 
interaction of the photopolymerized printed parts with specific biological entities [284]. 920 

As seen in this review, interesting use of 3D printed microfluidic chips has been reported. The 921 
manufacturing of microfluidic devices by 3DP is still in a development phase, with some specific 922 
works reporting the biomedical and pharmaceutical application of 3D printed chips [285–289]. 923 
Many expectations are still put on polymer 3D printing due to the flexibility and versatility to 924 
simplify and decentralize the micro-manufacturing steps. We think that polymeric 3D printing will 925 
soon meet the technological innovations and materials research necessary to bridge current gaps, 926 
producing microfluidic devices for patient-specific treatment, more commonly known as Point-of-927 
a-care (POC) devices, as illustrated in Fig. 7. Many researchers have demonstrated the use of 928 
polymeric 3D printing to produce microfluidic devices for the patient-specific detection of saliva, 929 
urine, and other biological entities. This opens up a myriad of medical applications by combining 930 
3D printing with real medical situations. Low-cost 3D printed microfluidic devices may provide a 931 
new avenue for molecular detection at the point of care in resource-limited settings. Over time, it 932 
is certainly possible to envision a future where these facilities are shared regionally or nationally, 933 
supported by an on-call production team, to improve accessibility to these custom 3D printed and 934 
POC devices. 935 

 936 

Fig. 7. Past and projection of 3D printing for microfluidic chip fabrication. 1) Basic designs: initially, 937 
3D printing was mainly used for the production of sacrificial molds for casting fabrication techniques; 938 

2) More complex geometries: the development of new materials and 3D printing machines and 939 
technology, more complex-shaped microfluidic chips were successfully fabricated, though most of the 940 

application were proof-of-concepts based on preliminary biochemical analysis; 3) Multifunctional 941 
microfluidic platforms: the growing interest for 3D printed microfluidic chips led researchers to 942 

develop interesting works obtaining more performance microfluidic platforms with different 943 
properties (e.g., biocompatibility and good mechanical and optical features) due to more advanced 944 

materials and 3D printing methods; 4) “Smart” microfluidic devices: the future of 3D printed 945 
microfluidic devices seems to be bright as more innovative materials and 3D printers are developed. 946 
Based on our experience, we believe that the evolution of 3D printing in the microfluidic sector might 947 



 

create a future scenario where one can produce rapidly microfluidic chips for the treatment of the 948 
specific analysis and patient situations, indeed, many researchers agree in a future where 3D printing, 949 

and the microfluidic world can contribute to the developing of precise and low-cost point-of-a-care 950 
devices. 951 

4. Conclusions 952 

Polymeric 3D printing is a promising technology that can revolutionize the microfluidic field by 953 
introducing faster and cheaper ways to produce microdevices. These technologies, especially FFF, 954 
i3Dp and VP-3D printing, are also establishing new strategies for manufacturing such devices, new 955 
commercialization approaches, and fields of application. Although the expected potential of 3D 956 
printing, it still presents a few shortcomings that should be overcome to compete with well-957 
established conventional techniques for microchips fabrication and thus be considered a valid 958 
technology and not just a promising alternative. In this review, an attempt was made to highlight 959 
the need to develop and improve the performance of current 3D printing materials and 960 
technologies to achieve the great potential of this technology.  961 

In the next few years, we might expect that the progression of 3D printing will be establishing 962 
the pillars to appoint this technology as the best alternative for manufacturing microfluidic devices. 963 
To achieve such a goal, there is still so much to do in terms of materials and technology 964 
development to reach the greatest resolutions, the better precision as possible, the desired optical 965 
characteristics, and structures with higher biocompatible features. In recent years, most of the 966 
published works are more focused on presenting how polymeric 3D printing could be effectively 967 
used for microfluidic fabrication based on studying the characteristics of the machine or using or 968 
developing alternative materials. Now, it is time that the 3D printed microfluidics will be used in 969 
real microfluidic applications to start to comprehend the possible future scenarios that, in synergy 970 
with machines and software progress and material development, will lead to polymeric 3D printing 971 
the expected transformation in the field. Although the utilization of 3D printing has not yet become 972 
a central part of standard microfluidic chips today, we anticipate that given the prospects for 3D 973 
printing and continuous performance improvement, this technology will be adopted, and more 974 
opportunities will progressively emerge for companies and institutions to relevant applications in 975 
global health. 976 

 977 
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