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A B S T R A C T   

Stereolithographic printers have revolutionized many manufacturing processes with their capacity to easily 
produce highly detailed structures. In the field of microfluidics, this technique avoids the use of complex steps 
and equipment of the conventional technologies. The potential of low force stereolithography technology is 
analysed for the first time using a Form 3B printer and seven printing resins through the fabrication of micro
channels and pillars. Manufacturing performance of internal and superficial channels and pillars is studied for 
the seven printing resins in different configurations. A complete characterization of printed structures is carried 
out by optical, confocal and SEM microscopy, and EDX analysis. Internal channels with unobstructed lumen are 
obtained for diameters and angles greater than 500 μm and 60◦, respectively. Outward and inward superficial 
channels in the range of hundreds of microns can be fabricated with an accurate profile, printing them with a 
perpendicular orientation respect to the base, allowing a proper uncured resin evacuation. Outward channels are 
replicated by soft lithography using polydimethylsiloxane. Clear, Model and Tough resins show a good behaviour 
to be used as master, but Amber and Dental resins present a poor topology transference from the master to the 
replica. According to the needs of devices used for biological and biomedical research, transparency as well as 
superficial biocompatibility of some resins is evaluated. Human umbilical vein endothelial cells (HUVEC) 
adhesion is confirmed on Amber, Dental and Clear resins, but these cells were only able to grow and progress as a 
cell culture over the Amber resin. Therefore, Amber showed an adequate biocompatibility, in terms of cell 
adhesion and growth for HUVEC.   

1. Introduction 

3D printing has evolved to become one of the most revolutionary 
manufacturing techniques. The capacity to directly and consistently 
produce highly detailed structures without involving many of the usual 
steps or equipment of conventional technologies has democratized the 
access to the manufacturing process to a vast quantity of industries, 
researchers and individuals [1,2]. The microfluidics field is no stranger 
to the impact that 3D printing can have in its microfabrication proced
ures [3,4], mainly dominated by techniques as photolithography or 
Reactive Ion Etching (RIE), that usually require the use of very specific 

facilities and produce a highly polluting chemical waste [5,6]. In this 
field, one of the main goals is to fabricate complex devices that mimic, 
for instance, different structures of the human body (organ-on-a-chip), 
by combining superficial (inward and outward) and internal channels 
with several kind of pillars [7,8]. This is where 3D printing stands out as 
it makes possible, with a user-friendly equipment and software, the 
realization of 3D structures in volume with great structural complexity. 

Two 3D printing technologies can be highlighted from the rest [3]: 
Fused Deposition Modelling (FDM) [9] and Stereolithography (SLA). On 
one hand, FDM printers rely on the precise deposition of a polymeric 
filament previously heated and extruded in consecutive layers to form 
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the designed piece (Fig. 1a). On the other hand, SLA printers utilize the 
photopolymerization principle to perform a layer-by-layer cure of a 
liquid resin deposited in a tank (Fig. 1b). 

Both technologies have been proven to be as versatile as efficient and 
are widely used, although SLA printers are beginning to gain ground in 
technical areas where accuracy is critical [10,11]. Once the light source 
(generally a laser) with the smallest possible spot and the appropriate 
resin has been selected, surface quality can be improved by controlling 
piece orientation. There are infinite ways to orient a piece to be printed, 
so a detailed study of the influence of the slope of the faces in the 
photopolymerization process is interesting to know the optimal config
urations. The key idea to understand this influence is that a rotation in 
the piece will modify the way in which the printer slices the original 
object [12]. Therefore, objects with great surface detail can be printed at 
an angle that favours the precise curing of their constituent layers. The 
same applies to internal channels, where a suitable angle could help the 
removal of uncured resin from inside, helping to avoid obstructions. 

In addition to the high superficial quality that SLA printers offer, 
biocompatible materials that can be printed with this equipment have 
been developed, increasing the number of potential biological applica
tions. In this field, researchers have printed a bioresorbable airway 
splint [13], a H2O2 and glucose detection device [14] or 3D scaffolds 
[15] and platforms [16] for cell seeding. All these examples show the 
potential of SLA printers for the fabrication of complex microfluidic 
devices for biological usage, and make them a good choice for re
searchers focused on 3D printing of accurate, reliable, and biologically 
solvent microfluidic devices [17,18]. 

This work presents a detailed study of microfluidic devices that can 
be fabricated by Low Force Stereolithography (LFS) technology to be 
used as Organ-On-A-Chip (OOC) or as master to replicate OOC in other 
biocompatible material. The LFS is an SLA technique that combines a 
galvanometer system that directs the laser beam with a spatial filter, a 
fold, and a parabolic mirror to deliver the beam perpendicular to the 
resin tank. This technique improves the precision and accuracy of the 
OOC fabricated, since a more uniformity deposition of laser energy 
across the built-in platform is obtained. 

A complete and detailed analysis of the printer performance is car
ried out for the first time, to our knowledge, for LFS technique, by testing 
the printing results of seven compatible resins (three of them being 
biocompatible). Both printing time and light transmittance of each of 
the resins are determined due to their relevance to the fabrication pro
cess. The formation of internal channels is assessed since LFS stands out 
over photolithography, RIE (allowing the formation of internal cavities 
of a vast quantity of orientations and geometries) and other SLA printers 
(granting the perpendicular focus of the beam) for this functionality. The 
range of dimension of different kind of channels and pillars that can be 
accurately fabricated is evaluated. Furthermore, the finishing and pre
cision of inward and outward superficial channels and pillars are 

analysed at the maximum resolution allowed for each resin. The repli
cability of all the resins by soft lithography of polydimethylsiloxane 
(PDMS) is also studied since the printed structures are of great interest 
for the manufacture of masters [19,20]. Finally, the biocompatibility of 
the selected resins is analysed using human endothelial cells. 

2. Materials and methods 

2.1. 3D printing 

The Form 3B printer (Formlabs, Somerville, Massachusetts) used in 
this work offers a novel feature over other stereolithographic printers by 
two aspects: allowing the printing of biocompatible resins and 
employing a new photopolymerization process called Low Force Ster
eolithography (LFS) [21]. This technique has been designed to reduce 
the manufacturing stresses that the pieces suffer during the printing 
process. For this, a resin tank with a flexible sheet at its base is used. This 
base gradually deforms when the piece is pressed against it. For the 
polymerization of the resin, the laser is always addressed perpendicular 
to the piece thanks to a galvanometric system consisting of a fold mirror 
and a parabolic mirror. 

To analyse the maximum resolution that can be reached for each of 
the resins, plates of 3 × 4 cm with a series of channels and pillars on their 
surface were designed using a CAD-like software (Fig. 2a). Channels 
were printed outwards and inwards from the surface and with two 
different profiles: rectangular (from 50 μm to 1000 μm width) and 
semicircular (from 30 μm to 750 μm radius). Pillars (outward) and wells 
(inward) were also printed (from 100 μm to 1600 μm height). Each plate 
was printed with three different orientations (Fig. 2b) respect to the base 
of the printing arm: at 0◦ (Fig. 2c), at 45◦ with channels parallel to the y 
axis (Fig. 2d) and at 45◦ with channels contained in the XZ plane 
(Fig. 2e). We will call these orientations A, B and C, respectively, to 
facilitate further discussion. To study the influence of the printing angle 
on the ability to create internal channels and to analyse if this printer 
presents more advantages than others, a quarter annulus crossed by 
seven internal channels oriented at 0◦, 15◦, 30◦, 45◦, 60◦, 75◦ and 90◦

was printed (Fig. 2f), as it was done by previous authors [12]. This study 
was performed four times for each resin selected, also varying the 
diameter of the channels from 250 μm to 1500 μm. Last, round discs with 
3.5 cm of diameter and 5 mm of height (Fig. 2g) were printed to perform 
optical and biocompatibility studies on the surface of resins, by studying 
cell proliferation under static conditions. A two-step polishing process 
was carried out after fabrication to one or both faces of the discs in order 
to evaluate the difference in the transmission spectra, employing a 
Logitech PM 2A (Logitech, Lausanne, Switzerland) polisher. First, an 
iron disc plate and an abrasive solution of Al2O3 were used to perform 
the roughing. The second step was the optical polishing of the material 
combining an expanded polyurethane disc with an OCON 140 silica 

Fig. 1. The most common 3D printing techniques: (a) fused deposition modelling (FDM) and (b) stereolithography (SLA).  
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solution. 
It is necessary to postcure the pieces in a two-step process. First, the 

piece is washed in isopropanol (IPA) >90% inside the Form Wash tank 
(Formlabs, Somerville, Massachusetts) during the corresponding time 
recommended by the manufacturer for each resin, which usually ranges 
from10 to 20 min. This process can be carried out in one or two stages 
depending also on the resin. Secondly, the pieces are left to dry and 
introduced into the UV Form Cure chamber (Formlabs, Somerville, 
Massachusetts). This chamber is provided with LEDs emitting at 405 nm 
and also allows to control the temperature. Curing temperatures range 
from 60 to 80 ◦C and curing times from 10 to 60 min for the selected 
resins. 

2.2. Materials 

Seven stereolithography resins from Formlabs were analysed: Clear 
V4, Dental LT V1, Tough 2000 V1, BioMed Amber V1, Flexible 80A V1, 
Elastic 50A V1 and Model V2. One of the most critical parameters when 
studying the resolution and surface finishing of the prints is the layer 
height (z-step) that every resin admits. In order to achieve the optimal 
performance in each case, the pieces were always printed with the 
maximum resolution (minimum z-step) available for each of the resins. 
Thereby, the theoretical Minimum Thickness of the Layer (MTL) was 25 
μm for Clear and Model resins; 50 μm for Tough, Amber and Flexible; 
and 100 μm for Elastic and Dental. 

The PDMS was prepared from Sylgard 184 elastomer (Dow Chemical 
Company, Midland, Michigan) and selected as the polymer to carry out 
the replication studies given its optical transparency, permeability to 
gases, elasticity, and biocompatibility. PDMS is one of the most used 

polymers to fabricate microfluidic devices [22,23], allowing the cells to 
have a suitable environment for experimentation, and was synthesized 
by mixing the monomer and the curing agent in a ratio 10:1 (according 
to the supplier specifications). The mixture was then deposited on the 
printed plates inside a Petri dish, forming a small silicone sheet and 
introduced in a vacuum chamber 40 min at 400 mbar to remove bubbles 
produced during the mixing process. Finally, the Petri dish with the 
degassed PDMS was cured in an oven for 12 h at 60 ◦C. 

The biocompatibility of the previous resins and PDMS, as well as the 
corresponding disinfection or sterilization protocols given by the 
manufacturer are shown in Table 1. 

2.3. Cell cultures 

Human umbilical vein endothelial cells (HUVEC) were isolated from 
freshly obtained human umbilical cords donated under informed con
sent from mothers, and following the method previously described [24]. 
HUVEC were selected because they are a primary cell culture (more 
sensitive than a cell line for cytotoxicity assays), from human origin, and 
because they are the cells that cover all the inner surface of vascular bed, 
and any implanted device must be “reendothelized” to avoid blood 
clotting. All the procedures were approved by the Ethics Committee for 
Clinical Research at Galicia (Spain; Registry no. 2110/2019), according 
to the World Medical Association Declaration of Helsinki. Briefly, 
HUVEC were cultured on 0.2% (w/v) Sigma-Aldrich gelatine (Merck 
Life Science S.L.U., Madrid, Spain) pre-coated flasks or dishes (Corning, 
New York, New York) and grown in complete Endothelial Growth 
Medium-2 media (Lonza, Basel, Switzerland), containing 2% foetal 
bovine serum (FBS) and gentamicin/amphotericin B between other 

Fig. 2. 3D pieces printed in this work. (a) CAD design of the plates with the outward channels and pillars. (b) Picture of three sets of plates with the inward channels 
and pillars printed in different orientations for three kinds of resins (from left to right: Amber, Flexible and Model, see Section 2.2). Images of CAD corresponding to 
the different printing orientations of the plates: at (c) 0◦ (orientation A), (d) at 45◦ with channels parallel to the y axis (orientation B), and (e) at 45◦ with channels 
contained in the XZ plane (orientation C). (f) Quarter annulus designed to analyse the capacity of the printer to manufacture internal channels. (g) Picture of round 
discs printed for biocompatibility and optical quality studies. Notice the presence of typical scaffolding to support the structures. 
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components, in a humidity-saturated atmosphere with 5% CO2 at 37 ◦C. 
Cells for the experiments were used between the second and seventh 
passages to maintain HUVEC phenotype. 

For the biocompatibility experiments, HUVEC were cultured under 
standard conditions over the discs printed using the three biocompatible 
resins, after sterilization and pre-coating of the surfaces with 0.2% (w/v) 
gelatine. HUVEC were seeded at a density of 10,000 cells/cm2 for all the 
cases. Standard polystyrene plates (Corning, New York, New York) in 
the same conditions were used as control experiments. HUVEC adhesion 
was checked 4 h after cell seeding in an inverted microscope, and cell 
viability was tested with living cells staining calcein acetomethylester 
(AM) (Invitrogen, Thermo Fischer Scientific, Waltham, Massachusetts) 
at 4 and 24 h. For this, calcein AM at a concentration of 1 μM in phos
phate buffer solution (PBS) was incubated with the cells for 15 min in 
the dark at 37 ◦C, and then, the excess of calcein was removed with two 
washes of PBS. Images from the cultures were obtained with a fluores
cent microscope and used to inspect cell viability and count the cells to 
quantify cell growing. Three to five images (800 × 600 μm) from each 
cell culture were taken from at least three independent experiments. 
Images were also processed with ImageJ (https://imagej.nih.gov/ij/i 
ndex.html) to estimate the surface area of the cells. The growth of the 
cultures was quantified by the percentage of increased number of cells 
after 24 h. 

2.4. Data collection 

Confocal images of the microchannels manufactured on the plates 
and superficial roughness measurements were obtained using a 3D op
tical profilometer S neox (Sensofar Metrology, Terrassa, Spain). A Nikon 
MM-400 metallurgic microscope (Nikon Instruments Europe B.V., 
Amsterdam, The Netherlands) was used when the depth of the channel 
was too large for confocal inspection, as is the case with internal 
channels. To measure the transmission spectra of the transparent resins, 
a PerkinElmer Lamb25 spectrometer (PerkinElmer Inc., Waltham, 
Massachusetts) was used. This spectrometer performed a measurement 
of the transmittance of the disc between 190 nm and 1100 nm, in 1 nm 
intervals. Furthermore, a Field Emission Scanning Electron Microscope 
(FESEM; Zeiss, Oberkochen, Germany) was used to make the SEM im
ages presented in the work. The possible transference of material from 
the master to the replica was evaluated by Energy Dispersive X-Ray 
(EDX). HUVEC adhesion was checked in a Leica DMIL inverted phase 
contrast microscope (Leica Microsystems AG, Wetzlar, Germany) with a 
digital camera EC3 (Leica Microsystems AG, Wetzlar, Germany). Finally, 
the fluorescence images of the cell cultures were acquired using an 
inverted fluorescence microscope Zeiss Axio Vert.A1 (Zeiss, Oberko
chen, Germany). 

3. Results and discussion 

3.1. Printing time 

To evaluate the possibility of implementing this technique in a mass 

production system, the printing time of the different resins was 
compared since it can be decisive if the process wants to be exploited in 
the industry. The time employed for printing the same set of pieces 
(consisted of the three orientation study plates (Fig. 2b) and the four 
internal channels study annulus (Fig. 2f) was measured for each resin, 
facilitating direct comparison. Even though the pieces were the same, 
the printer used a different volume for each resin. Each piece was 
printed with the MTL allowed for the selected resin. Table 2 shows the 
parameters described above as well as the ratio between the volume (V) 
of resin used and the printing time (t). 

Dental resin proves to be the fastest printing, with a V/t ratio of 227 
μl/min, followed by Amber resin, with a ratio of 106 μl/min. It can be 
observed that the resolution is not decisive in the printing time since 
resins with a lower MTL can be printed in less time than resins with a 
higher MTL. This occurs with Flexible and Amber resins, which despite 
having both a resolution of 50 μm, take less time to print the same piece 
than in the case of Tough, with 100 μm resolution. However, Model and 
Clear resins, with a resolution of 25 μm, take the longest time to print. 

3.2. Resins transmission spectra 

Optical transparency is another key property to consider when 
selecting a particular resin for the fabrication of microfluidic devices 
where optical inspection is necessary. Transparency allows the possi
bility of using optical images systems for inspection in different appli
cations, for example, bright field or fluorescence images [25]. 

The discs printed for the biocompatibility studies were inserted in 
the spectrometer to measure the transmission spectra of the five trans
parent resins: Amber, Clear, Dental, Flexible and Elastic (see Table 1). A 
polishing treatment was carried out on the transparent resins that 
allowed it (Clear, Dental and Amber), to analyse its influence on the 
optical quality. Elastic and Flexible resin discs were proven to be very 
difficult to polish, as they showed great deformability. The polishing of 
the discs has a great influence on its surface roughness, that in this work 
was measured using the arithmetical mean roughness of the surface (Sa), 
according to ISO 25178. For this purpose, areas of equal size (1 mm2) 
were analysed before and after polishing, respectively. The results 
showed that Sa went from 1.977 ± 0.187 μm to 0.239 ± 0.018 μm in the 
case of Amber resin; from 1.281 ± 0.306 μm to 0.214 ± 0.013 μm in the 
case of Clear resin, and from 4.296 ± 1.047 μm to 0.242 ± 0.028 μm in 
the case of Dental resin. 

Table 1 
Manufacturer properties of the different resins used in our study and for PDMS. The autoclavable pieces underwent 5 cycles of pre-vacuum steam sterilization at 132 ◦C 
with a 4-minute sterilization phase and 30 min dry phase. Pieces were allowed to cool 30 min between cycles. *In this work, Dental resin was autoclaved once without 
showing deterioration.  

Resine Biocompatible Sterilizable Disinfectable Transparency Method of sterilization/disinfection 

Clear V4 Autoclavation 
BioMed Amber V1 Autoclavation 
Dental LT V1* 70% IPA for 5 min 
Elastic 50A V1 Autoclavation 
Tough 2000 V1 – 
Model V2 – 
Flexible 80A V1 – 
PDMS Autoclavation  

Table 2 
Printing time, volume and MTL of the resins used in this study.  

Resine Time (min) Volume (ml) V/t (μl/min) MTL (μm) 

Model  829  37  45  25 
Clear  731  42  57  25 
Tough  600  42  70  50 
Elastic  585  42  72  100 
Flexible  561  43  77  50 
Amber  360  38  106  50 
Dental LT  163  37  227  100  
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Fig. 3a–c shows the transmittance curves obtained for discs with 
different polished faces. All the resins show a total absorption in the 
ultraviolet wavelength range. The transmittance increases as the 
wavelength increases from visible to near infrared wavelength range 
(400–1100 nm). In the case of Amber, a peak of absorption appears at 
550 nm. For the Clear and Dental resins two absorption peaks appear at 
900 nm and 1010 nm. The total transmittance experiments an increase 
of around 20% when both faces are polished, with the three resins 
reaching a very similar transmittance for this case. Dental resin shows 
the greatest transmittance in the visible range (where excitation wave
lengths are normally found in fluorescence microscopy), reaching 60% 
for 430 nm and achieving up to 80% for 750 nm. Otherwise, Amber and 
Clear resins show a 60% transmittance for wavelengths around 465 nm, 
but both reach 80% for 750 nm. As a great absorption is not observed 
near the excitation wavelengths of fluorescence imaging systems, typi
cally located around 480 nm, these resins are suitable to be used with 
them. In the near-infrared range, the transmittance is very high and 
never lower than 80% once both sides are polished. 

In the case of Flexible and Elastic resins (Fig. 3d), the measured 
transmittance was low, not reaching 40% for the visible spectrum. 
Moreover, transmittance cannot be improved by an easy polishing 
process due to their elasticity. This makes their use undesirable as resins 
for making microfluidics devices that need optical inspection. 

3.3. Internal channels 

Manufacturing continuous internal channels with an unobstructed 
lumen is one of the actual challenges for the SLA printers due to the great 
potential in microfluidics. The formation of internal cavities is very 
complex given the photopolymerization operating principle, in which 
each of the layers that make up a piece is supported by the previous ones. 
This fact explains the need for printers of this type to manufacture 
scaffolds that support the tilted or highly curved regions of the design. 
The objective of obtain unobstructed channels clashes with the need for 
the printer to form scaffolds, so that many internal channels are printed 
without the necessary supports and end up collapsing. In addition, for 
channels that do not pose a structural challenge given their small size, 
the limiting factor turns out to be the own printer resolution. To analyse 
the influence of the printing angle on the internal channel performance 
of the printer, four quarter annuli were printed per resin, each with four 

different channel diameters. 
Three printing regimes were observed. For small diameters (250 

μm), no channel was formed for any of the resins, so it can be concluded 
that for these sizes, the resolution of the printer does not allow the 
formation of internal cavities. 

For medium diameters (500–1000 μm), channels begin to form (see 
Fig. 4a and b). The end of these channels was measured, and the accu
racy was defined as the percentage ratio between the printed diameter 
and the designed one. In general, the trend observed is an increase in 
diameter as the printing angle increases, for a same designed value. In 
the case of channels of 500 μm in diameter, Amber and Dental resins 
almost reach the 100% accuracy for an angle of 90◦. For lower angles, 
the channels get narrower (Fig. 4d) and incomplete (longitudinally), 
closing until disappearing at 0◦. Amber resin allows to form complete 
channels for 60◦, 75◦ and 90◦ while Clear and Dental only for 90◦. For 
the other cases, the channels do not get to form completely, with a 
length that increases with the angle. For channels of 1000 μm in 
diameter, the printing precision increases globally, being always above 
70%. A larger angle continues to improve accuracy (Fig. 4e and f) and 
for 90◦, almost all the resins are above 90%. 

For wide diameters (1500 μm), an accuracy of over 85% was reached 
for all channels (Fig. 4c). The length of the channels also increases, 
forming completely from 15◦ for Amber and Dental resin and from 45◦

for Clear resin. This can be considered the optimal internal channel size 
because it allows the formation of cavities inside the volume at every 
angle without the need for scaffolding inside it, since its small size does 
not pose a structural risk. For channels below this diameter and above 
250 μm, the angle is the limiting factor, since it favours the adequate 
removal of uncured resin from the interior of the channels, whose vis
cosity can cause it to get trapped inside. 

3.4. Superficial structures 

Superficial channels are the basic element in essentially all micro
fluidics devices. They are responsible for guiding the fluid through the 
valves, mixers or pumps that make up the system and correct operation 
will depend on their quality. Thereby, a suitable channel for micro
fluidics will have a regular and continuous profile, accurate size and 
must be manufactured in the most suitable material depending on its 
application. The same occurs for wells, that can be used as repositories, 

Fig. 3. Transmittance curves obtained for the resins: (a) Amber, (b) Clear, (c) Dental, (d) Flexible and Elastic. (e) Visual inspection of the transparency achieved by 
the discs of the three resins with both (left) and neither (right) face polished. NN: Neither face polished (solid line); NP: a face polished (dashed line); and PP: both 
faces polished (dotted line). 
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or pillars, that could be applied for circulating tumour cell capturing 
[26]. 

A study of the superficial performance of structures was conducted in 
this work. For this, the topology of the plates shown in Fig. 2b was used. 
These plates have rectangular and semicircular channels printed (out
wards and inwards) on their surface. The main design parameters for 
these elements (see Fig. 5a) are: i) height (H) and width (W) for rect
angular channels (verifying H = W); ii) radius (R) and diameter (D) for 
semicircular channels (verifying 2R = D); and iii) top diameter (D1), 
bottom diameter (D2) and height (H) for pillars (verifying D1 = D2 = H). 

As can be seen in Fig. 5, the printed channels show a trapezoidal 
profile, despite being designed with a CAD rectangular profile. This 
result is observed both in the outward (Fig. 5b) and inward (Fig. 5c) 
channels and even in the pillars (Fig. 5d) for all the resins used. To 
facilitate the interpretation of the data, aspect ratios of the superficial 
structures printed in Clear resin are plotted in Fig. 6. The chosen ratios 
were H/W for rectangular channels, 2R/D for semicircular channels and 
(2D2-D1)/H for pillars. All the channels and pillars were designed with 
an aspect ratio equal to 1. The deviation from 1 is an indicative of the 
extent that the structures differ from the original design. In Fig. 6, each 
subfigure presents the aspect ratios corresponding to the three orienta
tions indicated in Fig. 2c–e: A (red dot), B (blue star) and C (green 
square). 

Two printing regimes were observed for outward rectangular chan
nels (Fig. 6a). First, small channels (0–500 μm) show an aspect ratio that 
increases with the theoretical width. For these cases, the ratio value is 
low and does not even reach 0.75 until 500 μm, where orientations A 
and B obtain their best performance. In this case, for orientation A, with 
an aspect ratio of 0.75, the printing accuracy (defined as the percentage 
ratio between the printed result and the designed structure size) is 101% 
in height and 153% in width. Until now, orientation A showed the 
higher aspect ratio, followed by C and B (0.69 and 0.66 for 500 μm, 
respectively), but this scenario changes for larger channels (500–1000 
μm), where the observed tendency differs: orientation A stabilizes 

around 0.70 aspect ratio, while C reaches to 0.8. Orientation B gets its 
best result for 500 μm and shows the lowest aspect ratio (0.63) of the 
three printing orientations for a theoretical width of 1000 μm. As 
observed, the rectangular outward channels did not reach an aspect 
ratio of 1, indicating that no channel as high as wide was printed. 

For inward rectangular channels, two regimes can be also identified 
(see Fig. 6b). For small channels (0–500 μm), the aspect ratio cannot 
exceed 0.5, although it continues increasing as the theoretical width 
does. In this regime, orientation B provides a higher ratio (0.47 for 300 
μm), followed by C and A (0.37 and 0.30 for 300 μm, respectively), in 
contrast to the previous case. For larger channels (500–1000 μm), a 
performance gap is observed, with all aspect ratios being above 0.75 
showing a decreasing trend especially pronounced for orientation A. For 
channels with a theoretical width of 700 μm, the three orientations 
practically reach a ratio of 1. Orientation B stands out in this case, 
reaching a 0.99 aspect ratio and a printing accuracy of 95% in height 
and 96% in width. For this reason, inward channels represent an 
improvement in the global aspect ratio for rectangular channels, espe
cially in the range between 700 μm and 1000 μm of width, were they all 
are near to 1. 

For outward pillars, a bottom diameter greater than the top diameter 
is observed in all cases (Fig. 6c), causing the aspect ratio to be greater 
than 1 for all the theoretical heights. This phenomenon is more pro
nounced for small heights (0–500 μm), in which the profile of the pillar 
is smoothed, reaching a hemisphere shape (in a limit case), with an 
aspect ratio between 2 and 6. For larger heights (500–1600 μm), all 
ratios remain between 1 and 2, showing orientation A the best result. A 
ratio of 1.12 and a printing accuracy of 104% in height, 110% in bottom 
diameter and 102% in top diameter was observed for this orientation 
and a theoretical height of 1600 μm, followed by C and B (1.22 and 1.40, 
respectively). Wells (inward pillars) did not form correctly, so that the 
correct identification and measurement of their main parameters could 
not be performed. The concrete details of this phenomenon will be 
discussed later. 

Fig. 4. Printing accuracy of internal channels designed with (a) 500 μm, (b) 1000 μm and (c) 1500 μm in diameter. Microscope images of selected end of internal 
channels printed using various resins, angles, and theoretical diameters: (d) Model, 60◦, 500 μm; (e) Amber, 75◦, 1000 μm; and (f) Tough, 90◦, 1000 μm. All the 
pictures were taken with a 5× microscope objective. 
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For outward semicircular channels, the observed trend is unique 
since the aspect ratio grows as the theoretical diameter increases for all 
studied orientations (Fig. 6d). Anyway, two different trends can be 
described depending on whether the aspect ratio deviates more than 
0.25 from 1, and therefore defining two regimes. For small diameters 
(0–500 μm), channels are below an aspect ratio of 0.75, except for the 
orientation A, which manages to reach 0.76 for 500 μm. For larger di
ameters (500–1500 μm), channels are formed with an aspect ratio be
tween 0.75 and 1.25. Orientation A stands out for diameters of 1500 μm, 
reaching a ratio 0.93 and a printing accuracy of 100% in height and 
107% in diameter. 

Finally, for inward semicircular channels (Fig. 6e), no orientation 
exceeds an aspect ratio of 0.75 before 500 μm in diameter, except 
orientation B for 300 μm. For diameters greater than 500 μm, the ratio 
tendency changes, going from increasing for all the orientations to sta
bilizing around to 0.85 for B, increasing slightly for A and stabilizing 
before growing for C. The closest ratio to 1 is measured for orientation A 
at 1500 μm in diameter, achieving a value of 0.98 and a printing pre
cision of 95% in height and 98% in diameter. 

However, no information about the appearance of the surfaces can be 
extrapolated from the aspect ratios, since they only offer information 
about the deviation from the original rectangular, semicircular or cy
lindrical designed profile. Fig. 7 shows optical microscope images of the 
inward channels and wells printed for Clear resin at A (left), B (middle) 
and C (right) orientations. Although the top diameters of the wells are 
formed correctly (Fig. 7a–c), maintaining a constant radius with a reg
ular border for all the orientations, the same does not applies to their 
bottom diameter (Fig. 7d–f). The removal of uncured resin did not occur 

properly during the printing process, promoting its accumulation inside 
the wells and causing that the cylindrical profile of the structures could 
not be measured (as mentioned above). This effect explains that the 
border of the bottom diameter of the well printed at orientation A cannot 
be identified (Fig. 7d), since the uncured resin was homogeneously 
deposited, curving the walls. This phenomenon is even more noticeable 
for wells printed with an inclination respect to the base since the resin 
can be seen accumulated on the side (Fig. 7e) or top (Fig. 7f) wall of the 
wells. 

This unwanted accumulation of resin can also be observed for inward 
channels, although its impact can be minimized by choosing a suitable 
inclination. In the first place, for pieces printed with orientation A, the 
accumulation of resin occurs homogeneously in the walls (Fig. 7g), 
although its presence does not significantly affect the profile given the 
original curved shape (for semicircular channels). On the other hand, for 
channels printed with orientation B, the uncured resin produces a large 
profile loss from the surface (Fig. 7h) to the bottom (Fig. 7i) of rectan
gular channels, since the resin is deposited all along of one of the walls. 
This orientation produces the largest deviations from an ideal channel, 
so it is not recommendable to use it for inward channels, whether 
rectangular or semicircular. Finally, orientation C stands out as the most 
advisable orientation, since the accumulation of the resin will only occur 
at the end of the channel, leaving the intermediate region free of ob
structions and maintaining the appropriate profile (Fig. 7j) to the extent 
indicated in Fig. 6b and e. 

In summary, the inclination is critical for small and inward structures 
when evacuating the resin, whose viscosity helps it to accumulate in 
regions where a sudden change in profile takes place. The evacuation is 

Fig. 5. Typical parameters of (a) superficial channel and pillars. Design of rectangular channels verify H = W, semicircular channels verify R = D/2 and pillars D1 =

D2 = H. Confocal images for illustration of (b) outward channel fabricated with the Model resin and (e) its corresponding profile, (c) inward channel fabricated with 
the Clear resin and (f) its corresponding profile, and (d) outward pillar fabricated with the Dental resin and (g) its corresponding profile. All the pictures were taken 
with a 10× confocal microscope objective. 
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largely determined by gravity, and a correct orientation (with channels 
perpendicular to the base) will favour resin to accumulate in areas 
whose profile is not so valuable, such as the end of the channels, in 
which microfluidic connectors are generally placed. 

Fig. 8 shows FESEM images of selected outward channels printed in 
different resins at orientation C. Clear resin allows the formation of 
outward channels with a suitable topology for microfluidic applications: 
the edges of the channels are well defined (Fig. 8a and b), the surface is 
smooth (Sa = 1.281 ± 0.306 μm) (Fig. 8c), and the working range 
adequately goes from hundreds of microns to several millimetres (see 
Fig. 6a and d). Channels printed on the Model resin also seem suitable 
for use in microfluidics (Fig. 8d) although its surface finishing is slightly 
less smooth (Sa = 1.444 ± 0.247 μm) (Fig. 8f) than that obtained for 
Clear resin(Fig. 8c), which may not be advisable for certain applications 
such as cell growth, where surface roughness is decisive [27]. The same 
occurs if the channel is intended to replicate (main use of outward 
channels) using a transparent polymer, since this roughness can affect 
the subsequent optical inspection. Definitely, these two resins offer the 
best surface finishing and lowest roughness, which can be explained 
taking into consideration the fact that they offer the lowest MTL of all 
studied resins (as indicated in Table 2): 25 μm. For resins with a higher 
MLT, as Amber (Sa = 1.977 ± 0.187 μm) (Fig. 8g–i) and Tough (Sa =

3.736 ± 0.713 μm) (Fig. 8j–l), the z-step (50 μm) begins to be noticeable 
on their surface. This effect may not be very critical for channels that are 
large enough compared to the step (Fig. 8g), but it can create wavy 
borders for channels with a diameter in the same order of magnitude 
(Fig. 8j). The Amber resin also shows a high flaking in the top region of 
the channel, very pronounced at its end (Fig. 8h). Certain irregularities 
can also be observed on the top region of channels printed in Tough resin 
(Fig. 8k). Flexible resin, despite offering the same z-step of 50 μm and an 
intermediate roughness (Sa = 2.723 ± 0.239 μm), produces more bent 
channels than these two resins, producing even not straight channels for 
orientation A. This is due to its deformability, which makes it very 
vulnerable to the stresses produced during printing process and trans
lates into an inability to reach the goal accuracy of this study. Finally, 

Dental (Sa = 4.296 ± 1.047 μm) and Elastic (Sa = 8.280 ± 1.738 μm) 
resins, with a 100 μm z-step are limited from start to only form large 
channels since the step is very noticeable for structures under few 
hundred microns. 

3.5. Replicability 

Sometimes it is important to produce a master for posterior repli
cation. In this section, the possibilities that resins offer as materials to 
manufacture master elements and the quality of the replications ob
tained from the printed master are analysed. For this, the outward 
channels fabricated in Section 3.3 were replicated by soft lithography of 
PDMS, creating cavities in the polymer. 

Some resins showed poor performance in replicating PDMS, so not all 
of them could be used as master. This is the case with Amber (Fig. 9a–c) 
and Dental (Fig. 9d–f) resin. In Fig. 9b the two most interesting regions 
for replication analysis are highlighted: the bottom of the channels and 
the base region. For the bottom, many irregularities and micro-cracks 
were produced during the soft lithography replication of these resins 
(Fig. 9c and f), causing that the original topology of the channels could 
not be transmitted to the replica. The same occurs for the base regions 
that despite being originally flat, show a high irregularity and flaking 
when replicated, especially noticeable in the case of Dental resin 
(Fig. 9d–e). For Flexible and Elastic resins, the replication process 
cannot be studied since the polymer did not even cure for the temper
ature and time applied to the other resins (indicated in Section 2.2). The 
PDMS layer deposited on these resins showed a semi-liquid state that 
made it impossible to observe the topology of study. These reasons make 
not convenient the use of the four resins for master manufacturing. 

However, three other studied resins allowed a high-quality PDMS 
replication from masters made of: Clear, Sa = 1.478 ± 0.355 μm 
(Fig. 10a–c); Model, Sa = 1.672 ± 0.633 μm (Fig. 10d–f); and Tough, Sa 
= 3.831 ± 0.487 μm (Fig. 10g–i). For them, the polymer surface 
managed to reproduce the respective surface pattern and a very similar 
roughness, so that an almost exact replica was obtained. In this scenario, 

Fig. 6. Aspect ratios obtained for the surface structures printed in Clear resin corresponding to: (a) outward and (b) inward rectangular channels; (c) outward pillars; 
(d) outward and (e) inward semicircular channels. Structures were designed on the surface of plates printed at: orientation A (red dot); orientation B (blue star) and 
orientation C (green square), as shown in Fig. 2c–e. Wth, Hth and Dth denote the theoretical weight, height, and diameter, respectively. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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the quality of the PDMS channel will depend only on the quality of 
master, so all the previous study and optimization of the printer per
formance can be transferred to the replicated channel. 

An EDX analysis of the surfaces of the replicated channels in PDMS 
was performed to determine if there are any transference of the resin to 
the PDMS during the soft lithography. Fig. 11 shows the EDX spectra 
obtained for the three regions of the PDMS replica obtained from a 
Tough resin master: i) base region (Fig. 11a), ii) bottom of the channel 
(Fig. 11b) and iii) visible impurities (Fig. 11c). For the bottom of the 
channels and base regions of PDMS, the analysis showed approximately 
the same weight percentage of C (40%), Si (35%) and O (25%). The 
obtained spectra were quite similar for the rest of the replicas. These 
results agree with the elements that form the polymer (C2H6OSi). The 
used equipment cannot detect elements lighter than Be, which explains 
the absence of H in the spectrum. Moreover, the measurement of the 
various observed impurities on the replicated surfaces yielded a result 
similar to the previous spectrum except for the presence of N, that varied 
depending on the master resin, being 1.5% for Amber, 3.2% for Tough 
and 4.3% for Clear resin. The presence of these contaminants could 
come from the N originally present in the resins. Thereby, a transfer of 
impurities from the master to the replica produced during the soft 
lithography process was detected. The extent to which this contamina
tion may be critical to the proper functioning of a microfluidic device 
should be assessed in each specific case. 

3.6. Biocompatibility 

Once all the aspects related to the manufacture of channels to obtain 
the most precise and physiologically mimetic results (for both direct 
printing and replication) are analysed, it is necessary to focus on the 
study of a critical aspect for the correct performance of printed micro
fluidic devices for biological and biomedical applications: 
biocompatibility. 

Biocompatibility can be tested at different levels attending to the 
category of body contact (from transient-contacting to implant devices) 
and to the evaluation process (physicochemical or biological analysis). 
In the case of microfluidic devices printed for biological or biomedical 
investigation, the possibility of inclusion of mammalian cells is of 
particular importance. Therefore, the materials and the finishing should 
guarantee cell adhesion and viability. In this work, a study on the cell 
viability of HUVEC was carried out, given its great potential in micro
fluidic applications in the field of cardiovascular diseases [28]. 

HUVEC were cultured (10,000 cells/cm2) on plastic (Fig. 12a) and on 
the three polished resins: Amber (Fig. 12b), Dental (Fig. 12c) and Clear 
(Fig. 12d). The cells were also seeded on the unpolished surfaces of the 
same resins (Fig. 12e–g), but the surface roughness avoided a correct 
observation. After 4 h of seeding, cells were inspected on an optical 
microscope to test their adhesion. This time is enough for HUVEC to 
adhere to the surface of culture and to spread through it, as normally 
observed under standard conditions on plastic material. Amber, Dental, 
and Clear resins showed similar behaviour to HUVEC adhesion. 

After adhesion, HUVEC in an appropriate cell growth medium start 

Fig. 7. Optical microscope images of inward structures printed for Clear resin. Pictures of top and bottom (respectively) surfaces of the wells printed at: (a), (d) 
orientation A; (b), (e) orientation B; and (c), (f) orientation C. (g) Picture of the bottom surface of semicircular channel printed at orientation A. Picture of the (h) top 
and (i) bottom surfaces of rectangular channel printed at orientation B. (j) Picture of the bottom surface of semicircular channel printed at orientation C. All the 
pictures were taken with a 5× microscope objective. Scale bar 500 μm. 
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Fig. 8. FESEM images of the 3D superficial outward channels printed in (a), (b), (c) Clear; (d), (e), (f) Model; (g), (h), (i) Amber and (j), (k), (l) Tough resin. Pictures 
were taken with the following microscope objectives: a) and d) 50×; b), e), g), h), j) and k) 100×; and c), f), i) and l) 500×. 

Fig. 9. SEM images of PDMS soft lithography replicas of superficial channels printed in (a), (b), (c) Amber and (d), (e), (f) Dental resin. The PDMS replicated inward 
channels show a poor replication performance. Pictures were taken with the following microscope objectives: a) and d) 50×; b) and e) 100×; and c) and f) 500×. 
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to divide, forming colonies of cells than in these conditions will expand 
over the surface of culture until form a confluent monolayer with cells in 
a hexagonal or cuboidal form with large nuclei. If culture is maintained, 
cells will adopt a cobblestone-shaped layer, simulating the morphology 
of the endothelium in vivo [29]. 

Cell viability over the different surfaces was tested with a fluorescent 
dye for living cells (Fig. 13). Calcein AM is a cell-permeant molecule that 
is converted in a fluorescent dye by the intracellular esterases in living 
cells. Thereby, HUVEC were stained after several hours of culture and 
their evolution was followed until 24 h after seeding. Despite a similar 
adhesion was observed in the Amber, Clear and Dental resins, the evo
lution of the cultures was different. On Dental (Fig. 13c) and Clear 
(Fig. 13d) resins, HUVEC did not increase their cellular surface and there 
was no significant cell growth after 24 h post-seeding (Table 3). HUVEC 
maintained constricted their proportions and colonies of cells seemed 

not to evolve. On the other hand, a different behaviour was observed in 
the Amber resin (Fig. 13b). In this case, after 24 h of culture, HUVEC 
maintained their spread as observed in the control experiments over 
plastic surface (Fig. 13a) and the mean cell surface was even larger, 
indicating a good adaptation to the surface. Colonies of cells also grew, 
and the culture progressed to confluence in a similar extent than the 
control experiment over conventional plastic material. Note that 
although the growth is lower in number of cells, the cell area increases 
(Table 3). 

In conclusion, although the resins Clear and Dental showed 
biocompatibility to HUVEC in terms of cell adhesion, it seems that only 
Amber resin gathers the characteristics needed to guarantee HUVEC 
adhesion to the surface and the progression and maintenance of the 
HUVEC culture over the time. These results partially agree with previous 
work of Kreß et al. [30], where they observed a bad biocompatibility of 

Fig. 10. SEM images of PDMS soft lithography replicas of superficial channels printed in (a), (b), (c) Clear; (d), (e), (f) Model and (g), (h), (i) Tough resin. Regions 
analysed by EDX are also highlighted. The PDMS replicated inward channels show a good replication performance. Pictures were taken with the following mi
croscope objectives: a) and d) 50×; g) 45×; b) and e) 150×; h) 100×; and c), f) and i) 500×. 

Fig. 11. EDX spectra of the (a) channel surface, (b) base region and (b) impurity observed on the PDMS replica obtained from a Tough resin master.  
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Clear resin with human adipose-derived mesenchymal stem cells, but a 
relatively acceptable compatibility for Dental LT resin. However, 
biocompatibility depends not only on the material used, but also on the 
type of cells employed for the assay. On this regard, Hart et al. observed 
better compatibility for Clear resin than for Dental LT, using HL-1 cells 
[31]. These cells are derived from rat atrial cardiac myocytes. Altogether 
suggests that the confirmation of biocompatibility should be done for 
each type of cells and in the optimal conditions of culture. 

4. Conclusions 

Microfluidics is a field that requires multidisciplinary technologies 
capable of manufacturing highly detailed structures in a repeatable and 
precise way. 3D printing has a short but promising path in this area, 
democratizing access to manufacturing techniques through simple 

procedures and very low waste production. In particular, SLA printers 
stand out thanks to recent developments in laser technologies, which 
make them the most extended option capable of achieving greater pre
cision within the current additive manufacturing technologies. In this 
work, the most important functionalities for manufacturing solvent 
microfluidic devices are tested for the first time using a Low Force 
Stereolithography (LFS) technique. A set of seven printing resins (Clear, 
Dental, Tough, Amber, Flexible, Elastic and Model) was studied ac
cording to the needs of most of the microfluidic devices used for bio
logical and biomedical research. 

A unique piece containing several structures used in microfluidic 
devices, such as superficial channels (inward and outward), internal 
channels and pillars was designed. The most important features: range of 
dimensions and accuracy, time of printing, transparency and biocom
patibility of the materials used were studied. 

We can conclude that Dental resin required the shortest printing 
time, followed by Amber and Flexible while Model and Clear resin, 
printed at the maximum resolution, took the longest one. The trans
mission spectra of the transparent resins were measured. It was found 
that polishing increases the transmittance for Amber, Clear and Dental 
resins, reaching around 80% transmittance for the visible range, where 
fluorescence microscopy excitation lengths are typically found. 

Regarding the formation of internal channels, the accumulation of 
resin was found to be a determining factor in causing obstructions and 
malformation of the channels. To avoid this phenomenon, two aspects 
were crucial: the diameter of the channels and their printing orientation. 

Fig. 12. Representative optical microscope images of HUVEC cultures on (a) plastic control dishes and on the polished (top) and unpolished (bottom) surface of (b), 
(e) Amber; (c), (f) Dental and (d), (g) Clear resin. The images were acquired 4 h after cell seeding. All the pictures were taken with a 100× magnification. 

Fig. 13. Representative fluorescence microscope images of HUVEC cultures with life-staining calcein AM on the polished surface of (a) standard plastic, (b) Amber, 
(c) Dental and (d) Clear resins. The images were acquired 4 h (top) and 24 h (bottom) after cell seeding. All the pictures were taken with a 100× magnification. 

Table 3 
Cell growth after 24 h of culture measured as percentage of cells numbers and 
area of the cells. *p < 0.005 with respect to control, using Student's t-test.  

Resin Culture growth at 24 h (%) Cell area (μm2) 

Control (polystyrene) 479.7 ± 49.3 499.9 ± 86.2 
Amber 165.2 ± 45.1* 940.8 ± 5.9* 
Clear − 39.2 ± 2.1* 629.3 ± 20.0 
Dental 39.1 ± 27.6* 690.4 ± 3.3  
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While for channels with a diameter less than 500 μm obstructed lumen 
were formed, for greater diameter values, an open lumen was obtained. 
For angles greater than 60◦ and diameters greater than 500 μm, resins 
such as Dental or Amber managed to form channels with a printing 
accuracy over 80%. For larger diameters (1000 μm), the accuracy was 
>70% and continued to increase with the angle. For channels of 1500 
μm in diameter, all the resins studied achieved an accuracy >90%. The 
surface performance of the printer was also analysed by studying the 
topology of a series of channels and pillars printed inwards and out
wards. The fabricated structures showed certain deviations compared to 
the designed ones that were quantified by various aspect ratios. Taking 
Clear resin as an example, it was observed that the ratios almost reached 
1 as the channels increased in size. In general, two printing regimes can 
be distinguished for channels. Small channels (0–500 μm) deviate 
significantly from the designs with aspect ratios below 0.75, since the 
resolution of the printer is not capable of forming such small structures. 
For larger channels (500–1500 μm), the ratios obtained were between 
0.75 and 1.25. All the analysed resins follow a similar behaviour, and 
their accuracy is determined by the MTL, where Clear and Model resins 
stand out. The surface finishing of the structures was also assessed. For 
the inward ones, it was found that printing orientation is critical and can 
favour unwanted accumulation of resin on the sides of the channels and 
wells. Channels manufactured with an orientation perpendicular to the 
base showed the best uncured resin evacuation. 

Manufacturing of structures made up of resins to be used as masters 
was also analysed. Clear, Model and Tough resin showed a good per
formance when the material used for soft lithography replication was 
PDMS. On the contrary, a poor transference of the original topology was 
observed for Amber and Dental resins. The polymer did not cure on the 
Flexible and Elastic resins, so we can conclude that these resins are not 
convenient for master manufacturing. 

Finally, the biocompatibility study with HUVEC revealed different 
behaviour for each resin. Whereas the three resins, Amber, Dental and 
Clear allowed the adhesion of HUVEC to their polished surfaces to a 
similar extent, cell growth after 24 h was not observed in all the resins. 
HUVEC were not able to grow over Dental and Clear resins and after 24 h 
the culture did not progress. On the contrary, HUVEC grew over Amber 
resin to a similar extent that cultures made over conventional plastic 
material. Therefore, Amber showed an adequate biocompatibility, in 
terms of cell adhesion and cell growth for HUVEC. 
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