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INTRODUCTION

Over the past three decades, microfluidics 
research in chemistry, biology and medicine has 
grown rapidly. Research based on lab-on-a-chip 
(LOC) or micro total analysis systems (mTAS) 
[1], reactionware [2], genetic analysis [3], cell 
analysis [4], drug discovery [5], point-of-care 
(POC) diagnostics [6] and organs-on-chips [7] 
has developed. Despite this further development 
of microfluidics faces many challenges, such as 
high cost to create microfluidics research equip-
ment, long time their production, as well as the 
limitations of two-dimensional [1]. Traditional 
methods of creating microfluidic research devic-
es are based mainly on micro-electromechanical 

systems (MEMS), such as lithography [8], micro 
hot embossing [9], microinjection [10], which 
are more for mass production than prototyping 
in research. In addition, traditional manufactur-
ing methods are time-consuming [1] and require 
specialized and expensive equipment.

Numerous research institutions choose to 
acquire the necessary microfluidic chips by pur-
chase from specialized companies. There are 
many commercial companies on the market of-
fering microfluidic testing equipment (not just the 
microchip but all the necessary instrumentation). 
The price of standard microfluidic test plates (e.g., 
droplet generators, microreactors) is several tens 
of euro. Considering that only standard structures 
can be purchased at such prices and that these 
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plates are often disposable, this represents a seri-
ous expense for many microfluidics research labo-
ratories. In addition, wishing to order a plate with 
non-standard structures, the price is determined 
individually and far exceeds catalog prices.

The development of 3D printing technology 
in recent years offers prospects for its use in the 
creation of microcapillary devices [11]. This can 
be a great alternative to any other methods of ob-
taining such equipment. 3D printing offers the 
possibility of manufacturing any circuit in any 
quantity and theoretically with any possible pre-
set capillary structure [12]. In addition, the prices 
of commercially available 3D printers are drop-
ping every year, making them accessible without 
the need for a lot of money. However, to be able to 
use 3D printing technology to create microfluidic 
devices, it is necessary to know how, assuming 
certain quality standards and taking into account 
existing limitations, to produce preset structures 
that fulfill their role during testing.

There are many review works [1, 11–15] and 
research works [16–18] in the literature indicat-
ing the use of 3D printing for the creation of mi-
crofluidic devices, for example, the presentation 
of 3D printed microneedle systems for drug de-
livery [19]. However, these works often demon-
strate the mere effect of the structures produced, 
and do not indicate the methods and difficulties 
encountered in creating them. There is a lack of 
specific guidance relating to the requirements 
and limitations of 3D printing in the context of 
creating microfluidic devices. There is also a 
lack of analysis regarding the influence of spe-
cific printing parameters on the final result, and 
indications regarding methods of processing the 
printed objects are omitted. There is also a lack 
of tests relating to verifying the cooperation of 
manufactured objects with measuring apparatus. 
This leads to the fact that anyone who wants to 
produce microfluidic devices by means of 3D 
printing has to come to the knowledge on their 
own by trial and error, without any literature 
support. In order to counteract this, we present 
a comprehensive paper relating to the character-
ization and optimization of the manufacturing 
process of microfluidic devices using 3D print-
ing. In this work we detailed what requirements 
microfluidic devices should meet. We focused on 
the fabrication of wafers with different types of 
capillary structure. We presented all the stages of 
manufacturing such circuits and highlighted what 
problems and challenges should be faced in each 

of these stages. We demonstrated in detail the 
method of manufacturing microcapillary devices 
based on our work. In addition, we analyzed and 
tested the quality of the microcapillary chips we 
produced, taking into account the impact of vari-
ous printing parameters and processing methods. 
We also demonstrated the results of microfluidic 
tests using the printed structures. The purpose 
of this work is to give specific guidance to all 
researchers who are conducting microcapillary 
research and want to inexpensively fabricate mi-
crocapillaries using 3D printing.

MANUFACTURING MICROFLUIDICS 
DEVICE BY 3D PRINTING 

Requirements and limitations of 3D printing 
for manufacturing microfluidic devices

Manufacturing microfluidic research devices 
using 3D printing is challenging, as a number of 
requirements must be met. These requirements 
are schematically shown in Figure 1. 

Production costs 

Today’s 3D printing technology offers tre-
mendous opportunities to print all sorts of 3D 
objects that have very specific, advanced pa-
rameters. However, the higher the standards 
these objects are to meet, the higher the cost of 
their production is usually. First of all, this is 
related to the cost of purchasing a suitable 3D 
printer, with the help of which it is possible to 
obtain the assumed structure. The costs associ-
ated with printing also include the cost of the 
appropriate resin. It is worth noting that many 
companies selling 3D printers stipulate the need 
to source resins supplied only by their company. 
Sometimes the additional cost to be paid is also 
the price of the software necessary to operate 
the printer. However, in order for the use of 3D 
printing methods to produce microcapillary cir-
cuits to make economic sense, the costs associ-
ated with this production method should be com-
petitive with alternative methods. Given that 
many research laboratories have limited finan-
cial resources, the chosen method for printing 
microfluidic devices should generate the lowest 
possible cost while maintaining the highest pos-
sible quality of the resulting prints. Therefore, 
production costs are the first constraint to con-
sider and relate to one’s capabilities.
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Dimensions of channels 

The second factor to consider is what diameters 
dimensions of the printed capillaries should be. 
Theoretically, printing a capillary with very small 
diameters requires a printer that cures a very thin 
layer of filament or resin one at a time. Otherwise, 
the inner diameter of the capillary will not be uni-
form and faults will form. However, the thickness of 
a single curable layer is smaller, the higher the price 
of the printer. It is necessary to find a compromise 
between the price of the printer and the capillary 
diameter achievable with it. In addition, if printed 
capillary structures have diameters other than cir-
cular, there should be consideration how this aspect 
will affect the quality of the print. In the case of 
channels with a square cross-section, the thickness 
of a single layer may not be as important as in the 
case of a circular or triangular cross-section 

Optical properties 

Wanting to follow microfluidic studies with 
an optical microscope, it is necessary that the 
resulting prints (plates) have sufficient transpar-
ency. This requirement determines the choice of 
printing method and the use of a suitable light-
hardened material. The easiest way to obtain 
transparent prints is to use light-hardened resins 
using sterolithography. 

During microscopic studies, in addition to the 
transparency of the plates, an important factor is 
the depth of field of view of the microscope. This 

parameter should be taken into account already dur-
ing the design of prints and adjust the depth at which 
the flow channels are to be located to the viewing 
capabilities of the microscope we are using. 

Channel patency

An important requirement to be met is to en-
sure the patency of all capillaries in the printed 
structure. The idea here is to ensure a uniform 
cross-sectional area of the channels with no 
flooding, blocking or distortion. Depending on 
the printing method chosen, the internal chan-
nels may deform. The right processing method 
for printed structures plays a big role here. With 
the wrong processing method, the light-hardened 
material deposited inside the capillaries will po-
lymerize when exposed to sunlight, causing the 
capillary to become blocked.

It should also be taken into account that some 
light-hardened materials, such as resins, leave a 
sticky layer on the surface after polymerization. 
If this layer is not properly removed, there may be 
adhesion on the inner surface of the capillary of 
the substances flowing through it during research. 
This will not only disrupt the flow in the capillary, 
but will also affect microscopic observation capa-
bilities by disrupting the transparency. 

Absence of deformation 

It is also an important factor that the print-
ed structures do not deform during flows. This 

Figure 1. 3D printing requirements for microfluidic applications
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factor is particularly important when the flow 
takes place at high pressures and higher tem-
peratures. Deformation of the structure under 
such conditions can lead to various problems, 
so it is necessary to use the right materials and 
3D printing techniques. Some of the most im-
portant methods that can prevent structure de-
formation during flows are: 
	• Choosing the right printing parameters, such as 

printing temperature, printing speed and layer 
thickness, to ensure the stability of the structure. 

	• Using support for structural components that 
may be prone to deformation during printing. 

	• The use of special materials, such as rein-
forced fibers, which have greater resistance 
to deformation. 

	• Monitoring the printing process in real time 
to quickly respond to potential problems and 
avoid deformation of the structure. 

	• Testing and optimizing the 3D printing process 
to minimize the risk of structure deformation 
during flows at high pressures and temperatures. 

Cooperation with apparatus 

The development of microcapillary research 
is combined with the creation of increasingly 
complex, advanced structures that require the 
use of various types of sensors, connectors and 
other structural elements. Printed plates should 
provide the possibility of mounting appropriate 
additional elements, in such a way as not to up-
set the ongoing process. It is necessary to assure 
full tightness, as this is essential to ensure the 
proper functioning of the microcapillary device. 
Thus, it becomes a major challenge to design 
structures that, despite their high complexity, 
will also be practical and functional in use. 

Complexity of the structure 

An important advantage of 3D printing is the 
theoretical possibility of obtaining any designed 
micropillar structures. In practice, these possi-
bilities are also limited. Depending on the qual-
ity (and therefore price) of the printer possessed, 
more complex layouts may not be possible. This 
is combined with ensuring adequate patency in 
all capillaries, even those that have complex-
ity. These capabilities are largely influenced by 
the proper configuration of printing parameters. 
When fabricating microcapillary devices using 
3D printing, it is necessary to optimize printing 
parameters to obtain the most complex objects. 
The method of processing the obtained structures 
is also not without significance. 

Stages of 3D printing

The use of 3D printing for the purpose of 
manufacturing microfluidic equipment requires 
a thorough understanding of all the limitations 
and challenges we face when using this method. 
Knowing the requirements for printed structures, 
as well as financial and technological constraints, 
it is possible to try on our own to manufacture 
equipment for our needs using 3D printing. 
However, this requires going through a number 
of steps related to this. Figure 2 shows the listed 
stages of 3D printing of microfluidic devices. 

Choice of 3D printer

The first dilemma of using 3D printing to pro-
duce microfluidic devices is selecting the right 
printing method to suit our needs. More than a 
dozen 3D printing methods are known to produce 

Figure 2. Stages of 3D printing of microfluidic devices
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a product with the desired properties. The most 
popular 3D printing technologies are shown 
in Figure 3. These methods can be divided into 
those based on thermoplastic materials, powder 
technologies and photo-hardened resins. In order 
to choose a specific printing method, it is neces-
sary to know the advantages and disadvantages 
associated with their use. 

Among the 3D printing methods shown in 
Figure 3, stereolithography (SLA) deserves spe-
cial attention in the context of manufacturing 
microfluidic devices. The principle of the SLA-
type printer is based on the photopolymerization 
of liquid monomers, which under the influence of 
light become cross-linked and form a hardened 
polymer. The device consists of three main com-
ponents: a tray filled with photo-hardened resin, 
a working table on which the printed object is 
formed and a UV laser. During printing, the la-
ser exposes the resin layer, selectively curing it. 
When the layer is ready, the work area is moved 
up by the height of one layer and the process is 
repeated [20]. With SLA printing, it is necessary 
to use supports. Otherwise, the print would be 
distorted, and in extreme cases it is possible to de-
tach from the work table and damage the printer. 
The undoubted advantage of stereolithography, 
which has determined its application in the medi-
cal field, is the high accuracy of the print. Accord-
ing to the study, the average absolute deviation 
between the dimensions of the original skull and 
its SLA prints is 0.62 ± 0.5 mm [21]. On an SLA-
printed object, the layers are not visible to the 
naked eye. Objects produced by the SLA method 

are strong and relatively lightweight, and their 
surface is smooth. Depending on the resin used, 
the prints can be characterized by high transpar-
ency. However, the high resolution of the prints 
results in a long printing time, which can reach 
dozens of hours. In addition, the surfaces on which 
the supports were inserted require additional pro-
cessing, and thus are of lower quality. Removing 
the supports themselves can also be problematic, 
depending on their location. The disadvantages of 
SLA can also include the specific properties of the 
resins used. They must be stored out of sunlight. 
In addition, SLA printing involves a number of ad-
ditional costs. It is necessary to purchase post-pro-
cessing materials, i.e. chemicals, UV lamp, tools 
for removing supports, as well as personal protec-
tive equipment (gloves, safety glasses). Moreover, 
resin residue and containers of resin and chemicals 
should be disposed of. Unhardened resin must not 
be poured down the drain, and it is recommended 
to cure the residue before discarding it.

In summary, the main advantages of stereo-
lithography are the high accuracy, smoothness 
and transparency of the prints and the high quality 
of the details; while the disadvantages are the long 
printing time, the need for supports, problematic 
resin storage and high operating costs. Consider-
ing the presented advantages associated with this 
method and the requirements for microcapillary 
devices presented in subsection 2.1, the choice 
of this method seems reasonable for microfluidic 
plate fabrication with microcapillary arrays. 

For our purposes, taking into account financial 
constraints, we focused on choosing a 3D printer 

Figure 3. Types of 3D printing
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in the budget of 15.000 euro. This is a low cost, so 
the technological limitations of the chosen printer 
are also high. For the production of microcapil-
lary circuit boards, we used the XFAB 2500PD 
3D printer from DWS, whose photo and technical 
specifications are shown in Figure 4 and Table 1.

The above model was chosen because of: 
	• the use of stereolithography technology, which 

guarantees the accuracy and tightness of the 
print, as well as its high transparency, 

	• the thickness of the built layer in the range of 
10-100 µm, which made it possible to produce 
objects with high resolution. This is especially 
important for sub-millimeter prints, 

	• a dedicated, free Fictor program was used to 
operate the printer from a computer. It allows 
automatic setting of printing parameters (such 
as the thickness of the layer being built) de-
pending on the chosen resin, but it is also possi-
ble to enter parameters manually. Its additional 
features include printing time estimation. 

Material selection

Another issue to consider is the choice of 
the right material for the production of specific 
microfluidic devices. Depending on the chosen 
3D printing method, these will be thermoplastic, 
powder or resin materials. When manufacturing 
microfluidic research plates, transparency and 
surface smoothness are of great importance. For 
this reason, light-hardened resins seem to be the 
most suitable for these applications. There is a 
wide selection of such products on the market, 
however, in many cases the choice is limited to 

the indications of the 3D printer manufacturer, 
who is also its distributor. 

Resin, of which structures were manufac-
tured, was Vitra 430 (company DWS). It was 
a blend of multifunctional acrylic monomers 
(acrylic acid esters). Selected properties of the 
resin are summarized in Table 2.

The choice of Vitra 430 resin was dictated 
primarily by its low price, high availability, suf-
ficient technical parameters, but most importantly 
by the transparency of the printed objects. The 
disadvantage of this material is the great difficulty 
of getting rid of unhardened material from inside 
the structure after the printing process. 

Graphical modeling

After choosing the printing method, purchas-
ing the printer and the appropriate printing ma-
terial, it is necessary to prepare the print design. 
To do this, one should use a chosen graphics 
program to draw 3D object. There are many 3D 
CAD programs available on the market, both free 
and paid. Among the popular paid programs used 
for this purpose are Autodesk Inventor, Autodesk 
Fusion360, Solidworks, PTC Creo. There are 
also free programs (at least in the basic version). 
Among them, the most common are: FreeCAD, 

Table 1. Technical specifications of the XFAB 
2500PD 3D printer

Printer specification

Parameter Value

Working area ϕ 180 × 180 mm

Laser Solid state BluEdge®
BE-1300X

Thickness of the layer being 
formed 10–100 µm

Printer dimensions 400 × 606 × 642 mm

Figure 4. Photo of the XFAB 2500PD 3D printer

Table 2. Vitra 430 resin parameters
Liquid resin parameters Value

Viscosity (25 °C) 900–1400 mPa∙s

Density (25 °C) 1 g/cm

Hardened resin parameters

Extension at break 12–20%

Tensile strength 30–40 MPa

Tensile modulus of elasticity 1250–1450 MPa

Bending strength 55–70 MPa

Modulus of elasticity at bending 1200–1400 MPa

HDT at 0.46 MPa 51–55 °C
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TinkerCAD, SketchUp Free. The choice of the 
program is basically arbitrary, the only important 
thing is that the program allows you to save the 
file with the appropriate extension (.STL). 

After selecting the appropriate program, it is 
necessary to draw the desired structure. This is a 
very important stage, since the dimensions estab-
lished here will define the resulting print. Want-
ing to produce microfluidic research plates, it is 
necessary to determine not only how the internal 
structure of individual microcapillaries should 
look like, but also to plan the type and dimensions 
of connectors (sleeves). If the installation of sen-
sors or other components is planned, this should 
already be provided for at the drawing stage. The 
overall dimension of the plate is also important, 
as well as the depth at which the capillary struc-
tures will be located, which must be related to the 
parameters of the optical microscope. 

Figure 5 shows examples of the graphic 
designs that were used to print microcapillary 
plates. In order to test the printing capabilities, 
various capillary structures with different diam-
eters and cross-sectional shapes were designed. 
The overall dimensions of the plates, which 
were based on a rectangle with rounded edges, 
were 40 × 20 × 2.25 mm. 

Various possibilities for connecting supply 
channels have been tested. Internal sleeves proved 
to be the most effective. Their shape and dimen-
sions had to be adjusted to the dimension of the 
supply pipes. External connections did not work 
well due to difficulties during processing and 
were damaged during operation in the system.

Slicer setting

The stage preceding the printing process itself 
is the conversion of the 3D model into instructions 
for the printer. For this purpose, special software is 
used, i.e. slicer, which “cuts” the model into layers, 
the height of which depends on the parameters of 
the printer. The individual layers are then described 
as linear movements of the actuator (laser, extrud-
er, etc.), which are written in G-Code language and 
sent to the printer. Many printer manufacturers of-
fer dedicated software, for example, PreForm from 
Formlabs, Nauta by DWS or Z-SUITE by Zortrax. 
A popular free slicer program is Ultimaker Cura. 

For most printing methods (powder technolo-
gies are an exception - Section 2.2.1), it is nec-
essary to use supports on which the model rests. 
Simple shapes can be printed directly on the work 
table, but for more complex geometries this is 
not recommended. Many slicers allow automatic 
generation of supports, which can then be edited 
manually. Incorrectly adding supports can result 
in the model detaching from the workspace and 
warping thin walls and features. 

The inclination of the printed object with re-
spect to the working table is also an important 
parameter. This aspect is relevant for optimizing 
print quality. This is especially important when 
printing capillary systems, as printing structures at 
the right angle can ensure the patency of channels. 

In the case presented in the paper, Nauta soft-
ware provided by the printer manufacturer was 
used to prepare the model for printing, It allowed 
to define the position of the model on the work-
ing table and create supports on which the printed 

Figure 5. Examples of graphic models of printed structures
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model rests both manually and automatically. The 
program also calculates the weight of the finished 
print and estimated resin consumption. The design 
of a sample print, including supports, is shown in 
Figure 6. If the workspace allows it, it is possible 
to print several objects simultaneously. It is neces-
sary to arrange them properly on the work table 
and adjust the appropriate supports. Then such a 
design is converted to a file supported by a slicer, 
in our case it was the Fictor program provided by 
the manufacturer. This program made it possible 
to specify printing parameters, the most important 
of which was layer thickness. The Fictor program 
also made it possible to control printer settings. 

Printing 

The next stage is already related to the printing 
process itself. However, in order for it to happen, 
it is necessary to prepare the printer. First of all, it 
is necessary to fill the tray with resin. This should 
be done in accordance with the procedures recom-
mended by the manufacturer. After filling the tray 
with resin, the level calibration of the working table 
followed. Then it was necessary to manually immo-
bilize the working field. Only after these steps were 
completed it was possible to start printing. It should 
be noted that the thinner the set thickness of a single 
layer, the longer the printing time of the object will 
be. In the case of the layouts we presented on the 
indicated printer, this time reached several hours. It 
should be noted that during this time there should 
be no interruption in the supply of electricity and (if 
the printer is connected to an external network) In-
ternet access. Otherwise, the printing process may 

be interrupted. The process can be resumed, how-
ever, the last layer may not be properly hardened, 
resulting in a non-uniform structure of the printed 
object. Once the printing process is complete, it 
is necessary, following the manufacturer’s proce-
dures, to open the printer and remove the print from 
the work area. This is not a simple task, as prints are 
often firmly attached to the work area, and detach-
ing them firmly can cause them to crush. 

Print processing 

It should be kept in mind that prints taken 
off the printer’s workbench have attached sup-
ports, are dull, sticky, and there is unhardened 
resin lodged inside the capillary structure. Leav-
ing such prints exposed to sunlight will matte and 
harden the resin deposited. Therefore, such prints 
should immediately undergo processing. This is a 
very important stage and often the quality of the 
resulting prints depends on it. As part of the pro-
cessing of microcapillary structures activities can 
be distinguished aimed at: 
	• removing supports and making the outer sur-

face smooth 
	• removal of the resin remaining inside the 

capillaries 
	• final hardening of prints using UV light 
	• giving the surface of the prints optimal optical 

parameters 

The exact procedures may vary depending 
on the printing method and material parameters. 
Developing a suitable processing procedure often 
involves multiple trials. 

Figure 6. Model of the example project with supports 
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Quality tests of the completed prints

The final step in the preparation of printed 
microcapillary systems, is to conduct appropriate 
quality tests to verify their suitability for specific 
applications. It is necessary here to determine the 
required quality standards that should character-
ize the printed objects. These standards, in the case 
of microfluidic systems, should mainly concern 
the structure and patency of the internal capillary 
structure. In order to carry out such verification, it 
is necessary to adopt a certain standard evaluation 
method. It must ensure comparability of results 
and unambiguity of assessment. One of the meth-
ods of assessing patency that works well for mi-
crocapillary systems may be the tracer method. It 
involves applying markers to microscopic images 
of structures in the form of a line perpendicular 
to the edge of the canal, and then comparing the 
total width of the canal to its patchable part. The 
method of measurement is illustrated in Figure 7 
using a Y-type divergent capillary as an example. 
The number of markers for each channel was 10. 
The arithmetic average of the obtained values was 
used for calculations. In order to determine the 
degree of patency, the printed structures can also 

be subjected to pressure drop tests by connecting 
them to a suitable measuring apparatus and using 
the chosen liquid medium. The measured values 
can be compared with the theoretical values calcu-
lated on the basis of the known Hagen-Poiseuille 
relations and on this basis appropriate conclusions 
can be drawn. However, the results obtained will 
give information about the overall patency of the 
capillaries. The final verification should be tests in 
a specific microcapillary system and check how the 
given structures cooperate with the equipment. 

PRINT QUALITY OPTIMIZATION

According to the procedure outlined in the pre-
vious section, microcapillary structures were print-
ed for microfluidic studies. A variety of capillary 
systems with different structures and channel shapes 
were made, such as converging Y-shaped, H-shaped 
and Ψ-shaped channels. Photos of examples of the 
fabricated structures are shown in Figure 8. 

A Y-shaped channel arrangement was used as 
the basic structure for comparison purposes. In 
order to optimize the quality of the obtained ob-
jects, a number of attempts were made to print this 

Figure 7. Assessment of microcapillary patency using the tracer method

Figure 8. Photos of microcapillary structures for microfluidic studies: (a) Y-channels, (b) H-channels, 
(c) Ψ-channels



298

Advances in Science and Technology Research Journal 2024, 18(7), 289–304

structure at different set printing parameters and 
using a variety of processing methods. This sec-
tion will present a study of the influence of certain 
factors on the quality of the obtained structure. 
It should be noted that given the selected factor, 
all other printing parameters (or processing meth-
ods) were the same for the comparison objects, 
moreover, they were printed simultaneously. 
Such factors as the slope of the structure, the size 
of the channels and their shape, and the process-
ing method were analyzed. 

Influence of the print slope on the quality of 
the obtained structure

In order to test how the print slope affects the 
quality of the resulting structures, tests were con-
ducted to simultaneously print four Y-shaped cap-
illary structures with the same print parameters. 
The only variable factor was the print slope rela-
tive to the working table. The set diameter of the 
capillary channels was 700 μm, the thickness of 
the print layer was 30 μm. Prints set at 0° (S1), 
30° (S2), 45° (S3) and 90° (S4) were made as 
shown in Figure 9a. 

Microscopic analysis of the printed struc-
tures showed a strong influence of the print 
slope on the quality of the obtained structures. 
In Figure 9b, it can be observed how the print 
slope affected the deformations of the capil-
lary structure. The largest deformations could 
be observed in the case of a structure printed 

at an angle of 90° (S4). The bifurcation of the 
channels was significantly deformed, while the 
channels were flooded and, consequently, their 
diameter was much smaller than designed. Sig-
nificant irregularities can also be observed in S2 
and S3 structures. To quantify the degree of pa-
tency of individual canals, a tracer analysis was 
carried out in accordance with the procedure 
outlined in Section Print processing. The results 
of these analyses are shown in Figure 9c as per-
centages of canal patency calculated as the ratio 
of the average diameter value obtained from the 
tracer analysis to the set diameter value. Based 
on this analysis, it can be seen that in every case 
the value of channel patency was below 100%, 
which means that the patency was lower than the 
planned one. The best patency was obtained for 
a structure printed at 0° (S1), where the main 
feed channel was perpendicular to the working 
field. When it was set parallel (structure S4), the 
patency was the lowest (less than 50%). The ori-
entation of the prints at 30° (S2) and 45° (S3) re-
sulted in intermediate patency values. Based on 
these analyses, it can be concluded that the best 
quality results can be achieved when the main 
capillary structures are located parallel to the 
printing direction. This results in the most sta-
ble structure, the smallest deformations and the 
highest degree of capillary patency. In addition, 
with such an orientation, for the presented ob-
ject, an additional benefit was the lower amount 
of material consumed for supports. 

Figure 9. Analysis of prints at different angles of slope: a) alignment of print with respect to working table, 
b) microscopic images of printed structures, c) results of capillary patency analysis
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Effect of the processing method on the 
quality of the obtained prints

As written in the previous sections, the most 
important thing for printing objects for microcap-
illary research is the patency of the channels and 
appropriate optical properties that guarantee the 
possibility of microscopic tracking of the phe-
nomena occurring inside the structures. In order 
to obtain the best possible quality of printed capil-
lary structures, various processing methods were 
used. A variety of tools were used and different 
agents were applied. In order to get rid of the resin 
deposited inside the capillary structure, alternate 
pumping of a suitable washing liquid (isopro-
panol solution) and compressed air through the 
structure was used. These were extremely impor-
tant steps and omitting them resulted in the lack 
of patency of the channels as shown in Figure 10 
(S6 – no washing, S7 – no pumping of air). Multi-
stage polishing (see Figure 10 – S8) and smooth-
ing with a viscous liquid (paraffin) (see Figure 10 
– S9) were used to make the surface transparent. 
Polishing the print was a time-consuming process 
and did not guarantee the desired transparency. 
Better results were obtained by smoothing the 
surface. The most effective method, giving the 
most satisfactory results, was the method consist-
ing of exactly the following steps: 

1)	preliminary washing of the print in a solution 
of isopropanol (Lalill Cleaner) - this step al-
lowed to get rid of the sticky layer from the 
print surface, 

2)	removal of supports with pincers and straight-
ening of the surface, 

3)	removal of resin deposited in the internal 
structure by washing the channels with isopro-
panol - for this purpose, a syringe system was 
used with appropriate connections to reach the 
channels. This step was repeated several times, 
for each canal outlet,

4)	removal of residual resin and solution by flow-
ing compressed air at a pressure of 3.5 bar for 
one minute; the procedure was repeated for 
each canal outlet, 

5)	hardening the print in a 100 W UV lamp for 15 
minutes, 

6)	smoothing the support residue with 1500 – grit 
sandpaper, 

7)	applying a thin layer of paraffin (L.G. Olsztyn) 
to the surface of the printout. 

Quality of obtained structures in relation to 
capillary diameter

When printing capillary systems, their size is 
of great importance. The smaller the structures 
we want to obtain, theoretically, the quality of 

Figure 10. Microscopic images of printed structures showing the effects of different print processing methods: 
S6 – no washing, S7 – no air pumping, S8 – surface polishing, S9 – surface smoothing
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printing will deteriorate. This is influenced not 
only by the capabilities of the printer, the print-
ing material used, but also by how the finished 
structures are processed. In our tests, we tried to 
achieve capillary structures with the smallest pos-
sible internal diameters. Figure 11 shows micro-
scopic images and Table 3 shows results of pa-
tency analysis of capillary systems with internal 
diameters of 600 μm (S9), 400 μm (S10), 300 μm 
(S11) and 200 μm (S12). 

On the basis of the analysis, it can be conclud-
ed that the printed structures at the given internal 
diameters of the channels, had a patency of less 
than 100%. This means that the printed capillar-
ies had an actual diameter smaller than the design 
diameter. The smaller the set diameter was, the 
lower the patency of the channels was as well. 
Printing the designed structure with a diameter of 
300 μm allowed to obtain the smallest diameters 
of the passable channels. However, tracer analy-
sis showed that the average patency of the chan-
nels was 39%. This means that the actual channel 
diameter was about 120 μm. Attempts to create 

capillary systems with diameters below 300 μm 
were unsuccessful. All channels became flooded, 
resulting in zero patency. 

Based on the work carried out, it should be 
concluded that using the 3D printing technique 
(and processing methods) presented in the pa-
per, when intending to print capillary structures 
with diameters below 1000 μm, it should be taken 
into account that some of the resin may not be 
removed from inside the capillaries. The resin 
remaining in the capillaries during the process-
ing will be hardened, and this will diminish the 
capillary clearance. The actual diameter of the 
channels will therefore be much smaller than 
designed. There are two ways to deal with this 
situation: either to look for more and better ways 
to make the channels passable, using more ad-
vanced processing methods (although this will 
be extremely difficult in the case of very small 
diameters), or to take into account the degree of 
resin deposition in the capillaries already during 
the design stage. In such a situation, in order to 
obtain a capillary of the final set diameter, it is 

Figure 11. Microscopic images of capillary structures with internal diameters of 600 μm (S9), 400 μm (S10), 
300 μm (S11) and 200 μm (S12) 

Table 3. Results of patency analysis of capillary structures with internal diameters of 600 μm (S9), 400 μm (S10), 
300 μm (S11) and 200 μm (S12)

Channel
Structures

600 μm (S9) 400 μm (S10) 300 μm (S11) 200 μm (S12)

1 77% 54% 40% 0%

2 75% 51% 39% 0%

3 74% 47% 39% 0%

Average 75% 51% 39% 0%
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necessary to design a larger one and include an 
allowance for resin deposit. Of course, such an 
approach requires experimental knowledge of the 
relationship between the diameter of the capillary 
and its patency.

Quality of the obtained structures in relation 
to the cross-sectional shape of the channels

An analysis of the possibility of producing 
channels with a cross-section other than circu-
lar was carried out. For this purpose, structures 
with a square and triangular cross-section chan-
nel were printed (see Figure 12). The square and 
triangular sides were 500 μm, the layer thickness 
was 10 μm. Visual evaluation and tracer analy-
sis showed that the produced structures were 
passable. Channels with a square cross-section 
showed high average channel patency – on the 
order of 87%. In the case of channels with a tri-
angular cross section, the average patency of the 
channels was 48%. 

Based on the work carried out, it can be con-
cluded that printing straight canal walls gives 
good results because the individual layers are 
hardened uniformly. However, when the cross-
sectional shape of the canal has sharp angles, 

there is a difficulty in cleaning the canal from the 
resin deposited in these areas. This should be kept 
in mind, as it affects the actual shape of the canal 
cross-section. 

Quality of obtained prints for different 
shapes of capillary structures

An analysis of the quality of printed struc-
tures with other shapes, for example, an H-
shaped or Ψ-shaped structure, was also carried 
out. Photos of exemplary printed structures are 
shown in Figure 8b and 8c. In addition, micro-
scopic images of fragments of printed structures 
are presented in Figure 13. The set diameter of 
the capillary channels was 400 μm, the thickness 
of the printing layer was 10 μm. 

Tracer analysis of the fabricated structures 
showed that in the case of structure H, there 
was a significant disproportion between patency 
in the lateral canals and the connecting canal. 
The average patency of the side channels was 
54%, while that of the connecting channel was 
only 11%. In addition, the internal structure of 
the connecting canal was severely deformed and 
heterogeneous. The reason for this is that the 
connecting channel was positioned parallel to 

Figure 12. Microscopic images of square (S13) and triangular (S14) cross-section channels

Figure 13. Microscopic images of fragments of the H – structure (S15) and the Ψ – structure (S16)
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the working table during printing. As shown in 
Section 3.1 (structure S4), such channel align-
ment during printing results in significant chan-
nel flooding. In addition, in the case of structure 
H, there was a difficulty in clearing this channel. 
In the case of structure Ψ, the average patency of 
the channels was 52%, which was similar to the 
patency obtained for channel Y with the same set 
dimensions (structure S10). 

EXAMINATION OF THE OPERATION OF THE 
PRINTED DEVICE DURING MICROFLUIDIC 
FLOW TESTS

In order to check whether the printed capillary 
structures could find application in microfluidic 
studies, microscopic tracking experiments were 
carried out for microfluidic flows. For this purpose, 
the measuring apparatus shown in Figure 14 was 
used. It consisted of a syringe pump (1) supplying 
liquid to the printed capillary system (7). The flow 
of liquid was tracked using a Levenhuk microscope 
(2) and transmitted with camera (3) to PC (4). Pres-
sure sensors (6) and flow meters (5) were mounted 
in the system.  An aqueous suspension of glass mi-
crospheres at a concentration of 3% was used for 
the study. The particle size range was 60–80 μm. 
A Y-shaped structure with a preset diameter of 400 
μm (S10) was selected for testing. The liquid flow 
rate was 80 μl/h. Figure 15 shows microscopic im-
ages of a sequence of consecutive images captured 
during the transport of the microsuspension.

The pressure drop at the capillary inlet was 
also monitored during the flow. During the tests, 
there were no instabilities and turbulence sug-
gesting unpredictable effects of the structure on 
the flow. As can be seen from the microscopic im-
ages (Figure 15), the printed structures were suffi-
ciently homogeneous, transparent and permeable 
to allow tracking of microsuspension transport. It 
should be noted, however, that in the case of mi-
croscopic images of liquid-filled capillaries, the 
capillaries may take on a color close to the back-
ground, which can make visual analysis difficult. 

Based on the experimental work carried out, 
it can be claimed that the printed structures fulfill 
their role and can be used as microfluidic devices. 

CHALLENGES AND LIMITATIONS

The method presented in this paper has made 
it possible to obtain microcapillary devices in the 
form of various types of connected or branched 
channels for the purpose of tracking the transport 
of dispersion systems. However, wishing to print 
microcapillary devices tailored for other purposes 
will require facing various challenges that must 
be overcome to obtain satisfactory results. The 
main challenges are linked to the size and ge-
ometry of the channels. Based on our methods, 
we have been able to obtain satisfactory qual-
ity objects with diameters above 300 μm in the 
form of circular branched channels. Wanting to 
print channels with smaller diameters and more 

Figure 14. Photo of microfluidic research equipment: 1) syringe pump, 2) microscope, 3) camera, 4) computer, 
5) flow meter, 6) pressure sensor, 7) printed capillary system
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complex shape, one encounters the problem of 
channel flooding, variable inner diameter and 
often lack of throughput. This is related to both 
the limitations of the printer (10 μm is the thick-
ness of a single curable layer) and the inability 
to remove the resin deposited inside the channel 
after the printing process during processing. If 
the single cured layer is too thick, unevenness in 
the internal structure of the channels (in the form 
of jaggedness) will appear on small objects. To 
overcome this limitation it is necessary to buy a 
printer that is more accurate and allows to cure 
thinner layers, however such printers are already 
quite expensive. When it comes to removing the 
resin from inside the structure to ensure through-
put, it is necessary to improve processing meth-
ods. This is a huge challenge that will require a 
customized approach, but it is crucial to the qual-
ity achieved. Another challenge that is important 
in optical microcapillary testing is to achieve ade-
quate transparency. Both the processing methods 
and the resin used with the right properties will 
matter here. Optical aspects should be taken into 
account already during the design of the print and 
care should be taken to ensure that the appropri-
ate objects are at the right depth to be in the field 
of view of the microscope. Another challenge, 
especially important in more advanced research, 
is related to the ability to properly connect and 
mount additional instrumentation on the printed 
capillaries, Any connections must remain tight 
during operation, and must not be mechanically 
damaged. This must be taken into account already 
in the design phase of the facility. This can some-
times involve printing objects in parts and putting 
them together using various methods. It should 
be noted that the rapid development of 3D print-
ing technology offers prospects for overcoming 

most of the challenges encountered when printing 
microcapillary devices. However, the main limi-
tation is cost. Therefore, when using 3D printing 
technology to manufacture microcapillary devic-
es, it is necessary to individually establish a com-
promise between economic aspects and quality 
aspects. It is also not insignificant to know how to 
shift this trade-off to one’s own advantage. 

CONCLUSIONS

The use of 3D printing with stereolithography 
technology for the purpose of creating microcap-
illary testing devices makes it possible to obtain 
a variety of objects at a modest cost. However, 
each method and the equipment involved has its 
limitations. Wanting to use 3D printing to pro-
duce objects for microfluidics research, it is nec-
essary to determine in detail the quality require-
ments they should meet. Only on this basis is it 
possible to choose the manufacturing method, the 
equipment used and the materials. The creation 
of an appropriate graphic design, the choice of 
printing parameters and processing methods are 
also essential for the quality of the objects ob-
tained. Carrying out quality tests of the obtained 
objects based on a standard evaluation method 
gives the opportunity to optimize the creation of 
the set structures. Verification of the cooperation 
of printed objects with the apparatus during flow 
tests gives a final view relating to the possibility 
of using the obtained objects in practice. 

In this paper, the possibilities of using 3D 
printing with stereolithography technology to 
create microcapillary objects for microfluidic 
studies are presented. Results were demonstrat-
ed for structures with different shapes (Y, H, Ψ), 

Figure 15. Sequence of time-lapse microscopic images recorded while tracking the flow of microsuspension 
through the printed structure (S10)
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different sizes and channel cross-section shapes. 
It was also presented how the quality of the print 
is affected by the slope of the object with respect 
to the working table and the processing method. 
In order to test the possibility of using the printed 
objects during specific microfluidic studies, the 
tracking of microsuspension flow through a Y-
type structure was carried out. 
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