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Chapter

Internal Microchannel
Manufacturing Using
Stereolithographic 3D Printing

Bastidan Carnero, Carmen Bao-Varela, Ana Isabel Gomez-Varela
and Maria Tevesa Floves-Arias

Abstract

Internal channels are one of the most interesting structures to implement in
microfluidics devices. Unfortunately, the optical technologies typically used in
microfluidics, such as photolithography or reactive ion etching, are unable to generate
these structures by only allowing surface structuring. Stereolithographic 3D printing
has emerged as a very promising technology in internal microchannel manufactur-
ing, by allowing a layer-by-layer structuring in volume performed by a laser that
photopolymerises a liquid resin. Recent advances in laser technologies have reached
resolutions of tens of micrometres. The high resolution of this type of printer, which
a priori would allow the fabrication of channels of the same dimensions, may pose a
problem by impeding the evacuation of uncured resin. In this chapter, the compro-
mise between size and resin evacuation will be evaluated to find the optimal diameter
range in which unobstructed and accurate microchannels can be obtained.

Keywords: stereolithography, 3D printing, microchannel, microfluidics, laser

1. Introduction

The 3-dimensional (3D) printing has recently become one of the most promising
and ground-breaking manufacturing techniques [1-3], allowing to produce highly
detailed structures, following simple and systematic steps without the need of the
very expensive equipment of traditional technologies that normally require the use of
cleaning rooms in large facilities. The 3D printing has facilitated the access to complex
processes of manufacturing to a lot of researchers and many and varied industries
[4]. Among others, the microfluidics field is a clear beneficiary from the role that 3D
printing plays in the microfabrication processes [5], where techniques such as reactive
ion etching (RIE) [6] and photolithography [7, 8] that produce a significant polluting
chemical waste are predominant.

In addition to its multiple applications in chemistry, engineering or sensing,
microfluidics is of great interest in medicine and pharmacology, where one of the
challenges is to manufacture complex devices capable of mimicking physiological
structures [9-11], such as vessels, veins and arteries, where novel drugs can be tested
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Popular 3D printing technologies: (a) fused deposition modelling (FDM) and (b) stereolithography (SLA).

under static and flow conditions (dynamic regime). These studies, much closer to
reality than the studies carried out by traditional methods, involving testing in wells
(static regime), could decrease the animal experimentation needed for testing drugs
before the patient dispensation. All these devices are made up of different kinds

of microchannels, capable of guiding small amounts of liquid samples. To be able

to fabricate these devices, new technologies are required to manufacture themin a
repeatable and accurate way. The 3D technology emerges as a promising one, since,
it allows to achieve in an easy and fast way, microchannels with very high resolutions
with simple procedures; to select different geometries for the microchannel profile
(circular, rectangular, triangular...) and to create channels on complex surfaces in 3D
or even internally.

Currently, two 3D printing technologies outstand above the rest [12, 13]: fused
deposition modelling (FDM) [14, 15] and stereolithography (SLA) [16, 17]. FDM
printers are based on the extrusion of a heated polymeric filament fused, that forms
consecutive layers of a piece (Figure 1a). SLA printers use photopolymerisation to
selectively cure a liquid resin contained in a tank (Figure 1b), manufacturing the
model in a precise layer by layer process.

Both technologies are widely used given their versatility and efficiency, but SLA
offers the highest accuracies [18]. Given the high quality of the surfaces fabricated
by SLA printers, a variety of biocompatible materials suitable for its use with this
equipment have emerged, increasing the potential biological applications to be used
for [19-22]. There are many examples that show the perspective of SLA printers for
complex microfluidic devices fabrication regarding biological applications, thus,
making them an option to be used by researchers focused on 3D printing of reliable
accurate and biologically solvent microfluidic devices. However, some technical
aspects must be considered to optimise the printing results.

1.1 Theoretical fundaments of stereolithography

The polymerisation of photosensitive resins is mainly governed by two parameters
[23]: penetration depth of the curing light and the minimum energy required for
polymerisation. The penetration of light follows the well-known Beer-Lambert law of
exponential light absorption given by:
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P = Poe—z/DP 1)
being Py the light power measured at a depth z from the surface; Py, the power at the
surface; and Dp, the depth reached when light intensity decreases by a factor 1/e of the
surface intensity. Note that Dp is a factor that depends on the resin composition, which
determines its absorbance characteristics (dispersion and absorption) [24]. Power terms
can be rewritten in terms of energy (soz will become the cure depth when the appropri-
ate amount of light is provided) to obtain the working curve equation for SLA 3D printers:

EO
CD = DP In |:E—:| (2)

c

where Cp, is the depth/thickness at which the light energy is sufficient to convert
the liquid resin into a gel; E is the energy of light at the surface; and E is the critical
energy necessary to initiate photopolymerisation. According to the Beer-Lambert
law, the exposed light intensity reaches its maximum value (Eyax) at the surface of
the resin, and decreases exponentially as light penetrates through the resin due to the
attenuation of the absorbing medium.

In the resin, the photopolymerised volume increases with the ultraviolet (UV)
irradiation until the resin reaches to the gel point, where it transforms from liquid to
solid-state. Dp and E are parameters that depend on the chemical characteristics of
the resins and can be determined by drawing a semi-log plot of Cp, vs. E, obtaining
a straight-line curve with slope Dp and an x-intercept of E¢ [25]. Once Dp and E are
known, it is possible to optimise printing process choosing properly the exposure
parameters and achieving the designed piece properties. This is the key for obtaining
good results with a high-resolution SLA printing, where minimising the thickness of
the deposited and light cured layer to achieve the maximum detail is critical.

In most SLA printers, the light source used to perform photopolymerisation
is a laser, so the XY resolution is given by the size of the laser spot on the surface.
Knowing the aforementioned parameters, the user or printer manufacturer can
choose the proper parameters of light exposure (scan speed, power) to optimise the
curing conditions and achieve the best resolution for the final device. Another deter-
mining factor is the minimum Z-step allowed by the printing arm, which gradually
raises the piece from the bottom of the tank, that determines the corresponding layer
thickness for each resin (see Table1).

Printing resin Clear Model Tough Amber Flexible Elastic Dental
Z-step (pm) 25 25 50 50 50 100 100
Washing time (min.) 15+5 10 10 + 10 20 10 + 10 10 + 10 20
Biocompatibility v X X v X X v
Curing temperatures 60 60 70 70 60 60 80
(°C)
Curing time (min.) 30 60 60 30 60 20 20
Transparency v X X v v v v
Table 1.

Manufacturer characteristics of the vesins used in this chapter.



Trends and Opportunities of Rapid Prototyping Technologies

Finally, one of the most important aspects to be analysed for obtaining suitable
internal channels is the orientation of the designed device, thus, a deep study of the
influence of the inclination of the device to be fabricated in the process of photopo-
lymerisation is necessary in order to determine the configurations that provide better
results. We have to realise that the printer will slice the piece in a series of layers paral-
lel to the base so that if the original configuration is rotated, these layers will change
together with the areas that will be cured. Hence, objects with high surface detail
should be printed with an orientation that helps the accurate curing of the layers. It
also happens in the case of internal channels, where a proper angle could favour the
full evacuation of the wastes of liquid resin from its interior, avoiding clogging.

In this work, a study of the performance of an SLA 3D printer in microfluidic
devices is presented. For this purpose, an annular piece with a series of internal
channels of different diameters and angles will be designed and manufactured. The
dependence on the printing orientation of the device in the results will be evaluated.
The study will be made for seven different commercial printing resins.

2. Materials and methods
2.13D printing

A Form 3B printer (Formlabs, Somerville, Massachusetts) is used to print the
devices to be studied. This printer features a new technology called Low Force
Stereolithography, a step further in SLA printers designed to reduce the manufactur-
ing stress that pieces undergo during printing. In brief, this technology combines a
galvanometric system with a series of mirrors to grant an incidence of the laser beam
(A = 405 nm, P = 250 mW) perpendicular to the resin tank, whose base will be made
of a flexible material capable of deforming when the piece is pushed on it. In this
way, the accuracy of the 3D printed structures is improved, as a much more uniform
deposition of the laser energy is ensured.

It is well known that the printing orientation will determine the features of the
printed devices. Typically, suppliers recommend using 45° as printing orientation in
order to optimise the process. Although this recommendation is useful for superficial
structures, we realise that for internal channels, the evacuation of uncured resin
can produce obstructed lumens [19]. To test the influence of the printing angle on
the ability to create internal channels with good quality, a quarter annulus piece was
designed (Figure 2a) containing seven internal channels oriented at 0°, 15°, 30°, 45°,
60°, 75° and 90° and printed (Figure 2b). This study was performed four times for
each resin selected, varying the diameter of the internal channels each time. These
pieces can be identified in Figure 2a as A, B, C and D, corresponding to microchan-
nels with diameter of 250, 500, 1000 and 1500 pm, respectively.

2.2 Data acquisition

The measurement of the diameter was performed using a Nikon MM 400 metal-
lurgic microscope (Nikon Instruments Europe BV., Amsterdam, The Netherlands),
that performs measurements in real time (Figure 3a), and an analysis NIS-Elements
Nikon software (Nikon Instruments, Melville, USA), by adjusting a measurement cir-
cumference (Figure 3b) that the software allows to move and modify over the image.
The channels were illuminated in transmission light configuration that allowed us to
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Figure 2.

Picgture of some 3D pieces: (a) image of the design used to study the formation of internal channel when varying
printing angles and internal diameters, (b) picture of selected annulus printed for different vesins, with theoretical
internal diameters of 500 um. From the fore to the ground: Model, Clear, Amber, Dental and Flexible vesin.
Scaffolding supporting the structures is shown.

725,96 um

(b)

Figure 3.

(a) Experimental configuration used to measure the internal channels of the quarter annulus using a microscope.
White arrows point channels not fully formed, printed at 0° and 15°. (b) Microscope image of the end of a channel
printed using Model resin, at an angle of 75° and a theovetical diameter of 1000 pm. The picture was taken with a
5X microscope objective.

measure the lumen of each one. Images were acquired using a LU Plan Fluor objective
(Nikon Instruments, Melville, USA) with 5X magnification and a CCD camera Nikon
DS-FI2 (Nikon Instruments, Melville, USA). Five measures were performed for each
channel, obtaining a geometric mean and a standard deviation that will be presented
in Section 3. Images of longitudinal sections of the microchannel internal surfaces
were obtained with a 3D optical profilometer S neox (Sensofar Metrology, Terrassa,
Spain) working in confocal mode.

2.3 Materials

Seven printing resins made by Formlabs for the Form 3B printer were studied:
Dental LT V1, BioMed Amber V1, Elastic 50A V1, Clear V4, Model V2, Tough 2000 V1
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and Flexible 80A V1. As introduced in Section 1.1, one of the critical factors to obtain
high accuracy results with SLA printers is the Z-step of the printing arm allowed by
every resin. Thus, the minimum Z-step was selected for each of them, as indicated in
Table 1. Some of the used resins are even biocompatible (Table 1), which increases
their potential applications.

After printing, it is necessary to post cure the resin pieces in a two-step process, to
improve their mechanical aspects and superficial finishing. This process starts with a
wash of the part in isopropanol >90% in the Form Wash tank (Formlabs, Somerville,
Massachusetts), in one (Model, Amber and Dental) or two cycles (Clear, Tough,
Flexible and Elastic), during times indicated in Table 1. The pieces are then left to dry
and placed in the UV Form Cure chamber (Formlabs, Somerville, Massachusetts),
which allows to control the temperature and is also provided with LEDs emitting at
405 nm. Curing temperatures and curing times can be consulted in Table 1.

3. Results and discussion

The manufacturing of internal channels with a continuous and unobstructed
lumen is one of the main challenges for actual SLA printers, because of their many
applications in microfluidics [16, 17]. The fabrication of cavities in a bulk with a
proper lumen is a very difficult process, since the photopolymerisation of each layer is
sustained by the previous one, so the evacuation of the non-polymerised resin can be
tedious.

In many cases, the goal of obtaining unobstructed channels goes against the need
for the printer to introduce scaffolds in the largest cavities, causing that internal chan-
nel collapse if some supports are not used during the printing. In addition, the own
resolution of the printer can act as a limiter for very small channels, which do not have
a structural challenge. In order to properly establish the dimensional limit between
small channels and large cavities and to study the dependence of the internal chan-
nel performance on the diameter and angle of the printer, quarter annulus crossed
by internal channels (Figure 2) were printed for each resin and the experimental
diameters were measured as indicated in Section 2.2.

From the obtained results, three printing regimes can be defined. In the case of
channels with small diameters (250 pm), no channel was fabricated for any resin at
any angle, so no data can be presented. It can be concluded that, for these sizes, the
formation of internal cavities in this range is not possible due to its small size, which
prevents the correct evacuation of the resin. This implies that, the resolution for
structures inside the printed piece is lower than the resolution for external ones, as
structures of this size could be formed if they were made on the surface [19].

Next, for 500-1000 pm in diameter (medium diameters), channels begin to be
formed (see Figure 4a and b) as will be detailed below. The bottom of these chan-
nels has been measured using the experimental configuration presented in Figure 3.
We defined the accuracy as the ratio between the printed and theoretical designed
diameter, in percentage. The tendency observed is an increase of experimental
diameters as the printing angle increases, for a theoretical fixed value. For chan-
nels of 500 pm in diameter (Figure 4a), Amber and Dental resins provide the best
results, almost reaching a 100% accuracy for an angle of 90°. In addition, for angles
greater than 60°, they are all above 80% accuracy, together with Model resin. For
lower values of the angles, the channels are narrower than those designed and are
more incomplete (longitudinally) as the angle decreases, so for 15°, only Amber
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Figure 4.

Accuracy of the printing for the internal channels with diameters of (a) 500 um, (b) 1000 pm and (c) 1500 pm in
diameter, respectively. The error bars vepresent the standard deviation of the accuracies, and the avea between the
ervors has been filled to facilitate the interpretation of the graphs.
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Clear and Model resins form channels and for 0°, none. Longitudinally, Clear and
Dental only form complete channels for 90° while Amber resin enables the forma-
tion of complete channels for 60°, 75° and 90°. For other values, the channels are not
completely formed, although the unobstructed length of the channel increases as the
angle increases (see Figure 3a).

When channels of 1000 pm in diameter (Figure 4b) are fabricated, the printing
accuracy suffers a global increase, being always above 70% for every studied angle.
As the angle increase, an improvement in the precision is observed, and from 45°, all
resins show an accuracy of more than 80% (except for Model, which shows a more
irregular trend). The best results are obtained for 90°, where all the resins are above
90%, being the Model resin the exception, reaching an 88%.

In the case of channels with 1500 pm in diameter (wide channels), an 85% on
accuracy is achieved for all channels at every studied angle (Figure 4c). The length
of the channels increases until they form completely (unobstructed) at 45° for Clear
resin and at 15° for Amber and Dental resin. For greater angles, complete channels are
formed for these resins. For these diameters, results are particularly suitable for angles
greater than 60° degrees, where all resins show a printing accuracy greater than 95%,
being the exception again the accuracy of Model resin, which is much closer to 90%.
Therefore, internal channel with wide diameters allows to fabricate internal cavities
for any angle and do not need scaffolding inside. Note that, in the case of the Tough
and Model resin, the length of the channels cannot be evaluated by naked eye due to
their opacity.

Channels fabricated at 45° and 500 pm in diameter were chosen for inspecting
the internal surface of unobstructed channels. In particular, Tough, Clear and Model
resins were selected to be analysed because of their different properties (Z-step,
biocompatibility, transparency...). Figure 5 shows confocal images of longitudinal
sections of the channels, where it can be observed that semi-circular designed profile
is properly translated to the printed pieces.

By comparing the confocal images of the Tough (Figure 5a) vs. Clear and Model
resins (Figure 5b and c), a decrease of the surface waviness with the Z-step is
observed. The smoothest profile was achieved using the Model resin (Figure 5c).

From the previous analysis, we realise that the angle of impression is critical and
has a major influence in preventing (Figure 6a) or favouring (Figure 6b) the forma-
tion of internal channels, so a larger angle (closer to 90°) is observed as the most suit-
able for channels to form properly and to have dimensions closer to those designed.
The other key parameter found in this study is the diameter. As we have seen, a larger
diameter allows results to be obtained with a higher resolution.

Figures.
Confocal images of sections of channels designed with 500 pm in diameter and printed at 45° using: (a) Tough,
(b) Clear and (c) Model resin.
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Figure 6.
Microscope images of (a) obstructed and (b) unobstructed channels, with 500 pm of theoretical diameter, printed
with amber resin at 0° and 75°, respectively. The images were taken with a 5X microscope objective.

The fact that orientation and diameter are so critical in the manufacture of chan-
nels is rooted in the way SLA printers operate and is intimately related to the evacu-
ation of uncured resin, which will be more likely to occur the larger the channel and
the more perpendicular the channel to the base (so gravity can enhance evacuation).

4, Conclusions

Microfluidics is a multidisciplinary field that needs versatile technologies capable
for manufacturing structures with high accuracy in a precise and reliable way. 3D
printing seems to be a promising technology to researchers and industries through
easy procedures and a low pollution process. In particular, stereolithographic 3D
printers become very attractive due to the developments achieved in lasers, making
them one of the most promising choices with greater accuracy and finishing within
the existing manufacturing technologies.

The performance in internal channel manufacturing of an SLA 3D printer is
tested, since this is one very important piece in several microfluidic devices. Several
resins (Clear, Dental, Tough, Amber, Flexible, Elastic and Model) was used for
printing the internal channels in terms of accuracy (from hundreds to thousands of
micrometres). For this, an annular piece containing several internal channels with
different diameters and at different angles was designed and printed for each resin, to
analyse the achievable range of dimensions and accuracy.

In light of the results, resin accumulation was found to be the key element behind
the correct formation of the channels. This has its origin in the operation principle
of SLA printers, based on the layer by layer photopolymerisation of a liquid resin
contained in a tank. Thus, the uncured resin must be properly evacuated from the
successive layers if a suitable cavity without obstructions and malformations wants to
be obtained. It was found that there are two critical parameters: the diameter of the
channels and the printing orientation of the device.

While no channel formation was observed for diameters of 250 pm for any of the
fabrication angles neither the studied resins, from 500 pm onwards, open lumens
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began to form. This was the case of Dental and Amber resin, which form channels
with printing accuracy (ratio between the printed and theoretical designed diameter)
over 80% for values of the angles above 60° and diameters above 500 pm.

In the case of larger diameters (around 1000 pm), the measured accuracies were
greater than 70% for every studied resin and grew with the angle. For channels with
a diameter of 1500 pm, it was found that all the resins achieved higher accuracy than
90%, so this range can be considered the optimum for the manufacture of complete
and fully functional internal channels.

In conclusion, SLA 3D printers are one of the promising technologies in the
fabrication of internal channels, showing interesting and promising results for chan-
nels of hundreds of micrometres in dimension, very suitable for the growing field of
microfluidics. However, the formation of complete internal channels is difficult below
250 pm due to the incomplete evacuation of the uncured resin. There is still room for
improvement, and it will be necessary to find both light sources and printing resins
that allow higher accuracies, of the order of several tens of micrometres.
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