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Abstract
Microfluidics has gained prominence in recent decades due to its ability to manipulate fluids through micrometric channels and
perform analyses comparable to those of a full laboratory. Applications span fields such as chemistry and neuroscience. However,
one of the main challenges is the fabrication process, which is often expensive and requires specialized facilities. This study aims
to design and fabricate microfluidic devices with microchannels that achieve high concordance between the design and the final
product, using a low-cost MSLA 3D printer. Variables such as microchannel width and height, along with printing parameters like
exposed layer height and exposure time, were evaluated. The fabricated samples were analyzed using a KEYENCE microscope
equipped with a VH-20R RZ x20–x200 lens. A design of experiments was conducted to optimize the variable levels, resulting
in ideal printing parameters. The findings demonstrate that this technology enables the fabrication of functional microchannels
for microfluidic devices, offering an affordable and efficient alternative to traditional methods. This approach has the potential to
broaden access to microfluidic technology.
Keywords: microfluidics, microchannels, MSLA 3D printing, area compliance, design of experiments.

Resumen
La microfluídica ha cobrado relevancia en las últimas décadas por su capacidad de manipular fluidos a través de canales
micrométricos y realizar análisis similares a los de un laboratorio. Sus aplicaciones abarcan campos tan diversos como la
química y la neurociencia. Sin embargo, uno de los mayores retos es su fabricación, que suele ser costosa y requerir instalaciones
especializadas. Este estudio tiene como objetivo diseñar y fabricar dispositivos microfluídicos con microcanales que logren alta
concordancia entre el diseño y el producto final, empleando una impresora 3D de tecnología MSLA de bajo costo. Se evaluaron
variables como el ancho y la altura de los microcanales, junto con parámetros de impresión como la altura de capa expuesta
y el tiempo de exposición. Las muestras fabricadas fueron analizadas con un microscopio KEYENCE equipado con un lente
VH-20R RZ x20–x200. Mediante un diseño de experimentos, se optimizaron los niveles de las variables, obteniendo parámetros
de impresión ideales. Los resultados muestran que esta tecnología permite fabricar microcanales funcionales para dispositivos
microfluídicos, ofreciendo una alternativa económica y eficiente frente a los métodos tradicionales, con el potencial de ampliar
el acceso a esta tecnología.
Palabras clave: microfluídica, microcanales, impresión 3D MSLA, cumplimiento del área, diseño de experimentos.
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1 Introduction

Microfluidics is a technology designed to manipulate
fluids in channels with dimensions in the range
of tens of micrometers (Whitesides, 2006). Due to
its applicability in diverse research areas such as
chemistry, medicine, and physics, this technology has
evolved rapidly (Bragheri et al., 2019). It enables the
processing of extremely small fluid volumes (10−9

to 10−18 L) using channels at the micrometer scale
(Niculescu et al., 2021; Ren et al., 2013). This
technology is succinctly described by the term "lab-
on-a-chip" (Dietzel Andreas, 2016), which illustrates
how a small device, considered a chip, can encompass
the analytical functions, capabilities, and applications
of a complete laboratory (Dittrich & Manz, 2006).
Additional research highlights the growing importance
of microfluidics in bioseparations, emphasizing its
ability to enhance analytical processes by reducing
reagent consumption and processing times (Lapizco-
Encinas, 2008). Microfluidics is also employed for
culturing neuronal populations, acting as a guide
for neurites and providing tools to dissect the
spatiotemporal complexity of normal development
and the establishment of brain circuits in vitro. This
has popularized the use of such tools as neuronal
microenvironments (Kajtez et al., 2020; Taylor et al.,
2003).

However, this technology faces significant
challenges, particularly in the manufacturing of
microfluidic devices. Some of these devices are
fabricated through photolithography, a process
that involves harmful chemicals and requires
expensive facilities meeting Class 10/ISO4 cleanliness
standards (US FED STD 209E Cleanroom Standards)
(Mukherjee et al., 2019). Additionally, the high
production costs associated with substrate materials
and material removal techniques contribute to
significant waste generation. Scalability also remains a
critical issue. Recent studies have explored alternative
fabrication approaches, including dielectrophoresis-
based techniques, which offer potential advantages
in manipulating biological samples and improving
separation efficiency at the microscale (Garza-García
& Lapizco-Encinas, 2010).

The fabrication processes for these devices can
be classified into material removal techniques and
material addition techniques, as shown in Figure
1. Material removal techniques, such as electrical
discharge machining (EDM), direct laser machining,
engraving techniques, CNC machining, and soft
lithography, create structures by eliminating material
from a bulk substrate. While these approaches offer
precision and versatility, they inherently generate
material waste, require specialized equipment, and
involve multi-step processes that increase costs.
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Figure 1.Microfluidic device fabrication process.

Conversely, material deposition techniques, such as
stereolithography (SLA), inkjet 3D printing, and direct
writing, construct structures by adding material layer
by layer. These methods are generally more material-
efficient, allow for rapid prototyping, and enable
complex geometries, but may also present surface
roughness challenges and limitations in fabricating
fully enclosed channels (Waldbaur et al., 2011).

Among material deposition methods, MSLA 3D
printing has emerged as a promising alternative
for microfluidic device fabrication. Unlike soft
lithography, which requires cleanroom environments,
elastomeric molding, and multi-step fabrication
(Talam et al., 2025), or CNC machining, which
often struggles with high-resolution enclosed
microchannels, MSLA enables the direct fabrication
of custom-designed microchannels with high
reproducibility and significantly reduced material
waste (Garza-García & Lapizco-Encinas, 2010).
While soft lithography remains ideal for applications
requiring highly flexible substrates, and CNC
machining excels in rigid open-channel designs,
MSLA provides a balance between cost efficiency,
precision, and accessibility. Recent studies have
demonstrated that, with proper optimization, MSLA
3D printing can achieve dimensional compliance close
to 100%, making it a viable alternative for rapid
prototyping and scalable microfluidic applications
(Liu et al., 2024).

In recent years, additive manufacturing has made
significant advancements, enabling high-resolution
fabrication of microparts. Some of these technologies
include selective laser sintering (SLS) (Wei & Li,
2021) and two-photon polymerization (TPP) (Zhou et
al., 2015). These systems offer exceptional resolution,
but their high cost and limited scalability restrict
their broader implementation (Gibson et al., 2010).
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MSLA 3D printing, on the other hand, provides a low-
cost, scalable solution that bridges the gap between
traditional and modern fabrication techniques, making
it an ideal choice for microfluidic research and
prototyping.

Conversely, material addition techniques, such as
injection molding, rely on the deposition or formation
of material to construct the required components.
Among these approaches, 3D printing emerges as a
pivotal technology due to its versatility, customization
capabilities, and potential to reduce both costs and
material waste.

In recent years, additive manufacturing has made
significant advancements, enabling high-resolution
fabrication of microparts. Some of these technologies
include selective laser sintering (SLS) and two-
photon polymerization (TPP) (Zhou et al., 2015).
These systems are ideal for device fabrication due to
their high resolutions; however, their high cost limits
their scalability for mass production. In addition,
the integration of microscale cell analysis techniques
in microfluidic platforms has been widely studied,
providing insights into their application in fields such
as biotechnology and biomedical research (Sósol-
Fernández et al., 2012).

Recently, desktop 3D printers have emerged, now
widely used for product customization (Shahrubudin
et al., 2019). These printers offer great flexibility
and good resolution at low cost (Leong et al.,
2024). Examples of 3D printing technologies include
SLA (stereolithography) (Manapat et al., 2017)
, DLP (digital light processing) (Zhang et al.,
2020), MSLA (masked stereolithography) (Borra
& Neigapula, 2023), and CLIP (continuous liquid
interface projection) (Tumbleston et al., 2015). The
principle behind these technologies involves slicing
the 3D model into 2D layers, which are then solidified
layer by layer, typically along the z-axis, through
a resin photopolymerization process until the entire
piece is formed.

To fully leverage the advantages of 3D printing
in microfluidic device fabrication, the design process
plays a crucial role, requiring the integration
of advanced software tools and precise modeling
techniques. Computer-aided design (CAD) software
has been widely used for 3D modeling in various
fields such as engineering, mechanics, technology,
electronics, and architecture. More recently, it has
been applied to the development of 3D-printed
components (Junk & Kuen, 2016). These tools allow
precise design of models with ideal dimensional
parameters, enabling the creation of microchannels
with scales smaller than 100 µm (Autodesk.com, n.d.).

Once the design is complete, it must be exported
to the STL format (STereoLithography), which is
considered the standard for data exchange in additive

manufacturing. This conversion involves running a
surface triangulation algorithm commonly used in
finite element methods. Process planning includes
steps such as dividing the part’s surfaces into
triangles, generating trajectories for each layer. This
data conversion produces a standardized language
known as G-code, used in additive manufacturing and
CNC machining to control machine movements and
operations (Topcu & Unver, 2011).

This research aims to establish manufacturing
principles for fabricating microfluidic devices capable
of fluid transport and analysis using MSLA 3D
printing technology. This approach leverages its high
commercial availability and flexibility for low-cost
prototyping. Variables such as layer height, exposure
time, channel width, and channel depth are analyzed
using a full factorial experimental design.

2 Material and methods

For this study, a commercial standard (brand: e-sun,
transparent standard) with a liquid density of 1.08–
1.13 g/cm3 was used. The 3D resin printer utilized
was an Elegoo Saturn 3 12K, with a resolution of
19 × 24 µm, equipped with a 10-inch monochrome
12K LCD screen operating at a wavelength of 405 nm
and a build volume of 218.88 mm (length) × 122.88
mm (width) × 250 mm (height). The cleaning of the
printed parts was performed using a Solv 3D washer
with isopropyl alcohol. The characterization of the
printed samples was conducted using a KEYENCE
VHX-970F digital optical microscope, equipped with
a VH-20R lens (magnification range: x20 - x200). The
general method used is depicted in Figure 2.

Initially, the geometry of the channels was defined,
and the design was created using Autodesk Fusion.
The printing parameters were then configured in the
slicing software. Test specimens were subsequently
printed and washed with isopropyl alcohol. Excess
alcohol was removed using compressed air. Each
specimen was labelled and individually packed.
Finally, the printed parts were characterized using the
microscope, and the data were analyzed statistically.

2.1 Microchannel design

The experimental test specimen designed for this study
measured 50 mm in length, 21 mm in width, and 5
mm in height. It contained 12 open microchannels.
This design choice was informed by previous
studies reporting that closed channels fabricated at
dimensions <300 µm often become clogged with
resin(Ahmed et al., 2022). The microchannels were
grouped into four clusters with varying dimensions
and characteristics, as described below.

www.rmiq.org 3
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Figure 2. Method for printing microchannel samples.

Figure 3. Dimensions of channel cross-sectional area.

The cross-sectional geometry of the channels
as seen in Figure 3 was defined as a rectangular
shape pattern, given the nature of the MSLA 3D
printing process. In this method, the pixels of the
LCD screen define the shape of the layer being
photopolymerized, making additive manufacturing a
viable microfabrication process (J. F. Blinn, 2005; Gao
et al., 2023; Mishra, 2020; Tabeling, 2023)

The channel dimensions were determined based
on the advancement of the build plate along the

z-axis for depth and along the x- and y-axes for
width. These dimensions were referenced from pixel
multiples as established by Leong et al. (2024) in their
experiments. For the printer used in this study, the
pixel dimensions were 19 µm in the x-axis, 24 µm in
the y-axis, and a minimum step of 10 µm in the z-axis.
Consequently, channels with two different depths (150
µm and 200 µm) and three different widths (152 µm,

4 www.rmiq.org
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Figure 4. Microchannel sample diagrams according to ISO standard.
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228 µm, and 304 µm) were evaluated, corresponding
to pixel counts of 8, 12, and 16 along the x-axis,
respectively, as shown in Figure 3. These dimensions
align with the ranges reported in prior studies by
Leong et al. (2024)(34.4 to 309.6 nm) and Razavi
Bazaz et al. (2020) (40 to 300 µm).

The details of the test samples are presented in the
schematics under the ISO standard shown in Figure 4.

2.2 Printing parameters

The printing parameters were based on the
specifications provided by the slicing software, as
shown in Table 1. However, two parameters identified
in the study by Leong et al. (2024), were found
to influence the resolution of the microchannel
significantly. These variables were layer height, where
the minimum height allowed by the printer is 10 µm.
Based on this, three levels were selected: 20 µm, 30
µm, and 50 µm, taking 50 µm as a reference from the
study by Orzeł& Stecuła (2022). The second variable
was the UV exposure time for each layer to solidify,
with the levels set at 1.5 s, 1.8 s, and 2 s (Leong et al.,
2024; Valizadeh et al., 2023).

Table 1. Parameters for printing.
Parameter Value Unit

Layer height 0.02 & 0.03 & 0.05 mm
Total lower layers 10
Exposure Time 1.5 & 1.8 & 2 s
Bottom Exposure Time 20 s
Transition Layer Count 8
Machine type Linear
Transition Decrement 2 s
Printing standby mode Time
Ascend descent time 0 s
Retreat descent time 0.5 s
Bottom Lift Distance 3 + 4 mm
Lifting Distance 3 mm
Bottom lift distance 5.5 mm
Retraction distance 5.5 mm
Lower lifting speed 65 & 180 mm/min
Lifting Speed 65 mm/min
Retraction speed 180 & 65 mm/min

2.3 Printing process

The first step involved calibrating the build plate as
specified by the manufacturer. The resin was poured to
the specified level, and the printer’s cover was closed.
The preloaded program was selected from the printer's
memory, and printing commenced. The process was
conducted within a temperature range of 23 and 26°C
(+/- 0.3°C), (Ahmed et al., 2022; Kaufmann et al.,
2024; Milovanović et al., 2024).

2.4 Post-processing: Washing procedure

Each specimen took between 40 and 90 minutes
to print. After detaching the printed part from the

building plate, it was placed in a washing station
containing isopropyl alcohol. The washing process
lasted 5 minutes and involved the rotation of internal
blades, which stirred the isopropyl alcohol to ensure
thorough cleaning of the printed structures.

Following the washing process, compressed air
was applied for 30 seconds to remove any residual
isopropyl alcohol from the surface of the printed
parts (Collingwood et al., 2023), ensuring proper post-
processing before characterization. Each specimen
was labelled and accompanied by a registration sheet
for individual storage.

2.5 Experimental design

The experimental design employed was a full factorial
design with multiple levels to evaluate the influence
of various variables and their interactions. Table
2 summarizes the Design of Experiments (DOE)
approach (Niedz & Evens, 2016), based on the
described variables.

The first factor was the UV exposure time, which
had three levels: 1.5, 1.75, and 2 s. The second factor
was the layer height, also with three levels: 20 µm,
30 µm, and 50 µm. The third factor was the channel
width, with three levels: 152 µm, 228 µm, and 304 µm.
The final factor was the channel depth, with two levels:
150 µm and 200 µm. Five samples were taken for each
combination of factors.

Table 2. Summary of DOE.

Element Value

Factors 4
Replicas 5
Base runs 54
Total runs 270
Base blocks 1
Total blocks 1
Number of levels 3, 3, 3, 2

The direct output variables measured using
the microscope included the cross-sectional area,
maximum channel depth, and roughness. These output
variables were used to calculate the average channel
width, the percentage compliance of the designed
cross-sectional area compared to the fabricated area,
and the percentage compliance of the designed depth
compared to the fabricated depth. This indicator was
calculated using Equation 1, as described in the
literature (Torres-Alvarez et al., 2024).

% Cross− sectional area compliance =(
Fabricated cross− sectional area
Designed cross− sectional area

)
× 100 (1)

This indicator is essential as it provides a value
reflecting the degree of compliance between the

6 www.rmiq.org
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fabricated and designed cross-sectional areas. Since
this is expressed as a percentage, the response and
optimization of the variables and their levels are
consistent across all designed cross-sectional sizes.

Similarly, the percentage compliance of the
designed depth compared to the fabricated depth was
also considered, using Equation 2.

% Depth Compliance =
(

Fabricated depth
Designed depth

)
(2)

3 Results

The specimens appeared to have permeable channels.
In Figure 5a, a complete image of the specimen is
shown, highlighting well-defined channels. Figure 5b
presents a magnified view of the channels, while
Figure 5c provides a 3D reconstruction of a segment
selected for measurement.

The specimens were measured using a microscope
in the areas indicated in Figure 6a. Random sampling
was performed in the specified zones, and the images
obtained were from the straight sections of the
channels. The microscope allowed for the acquisition
of three-dimensional images of the segments to be
measured, as shown in Figures 5c and 6a. This
3D reconstruction made it possible to section the
image and obtain measurements of the cross-sectional
dimensions. Five measurements were taken for each
segment of every channel.

The cross-sectional height and area were measured
in these sections, with the cross-sectional area
highlighted in pink in Figure 6b.

Figure 5. a) Test device image, b) expansion of a
segment, and c) reconstruction of a segment of a
microchannel.

Figure 6. a) Indicated areas where characterization
is carried out in a test device microchannels and
3D reconstruction of the microchannel, and b) cross-
sectional area of the channel.

Figure 7. Normal probability plot.

3.1 Factorial design analysis

The data obtained from the microscope were
statistically analyzed using a full factorial design.
Figure 7 presents the normal probability plot for the
cross-sectional area compliance percentage, showing
a linear correlation and normal behavior.

An analysis of variance (ANOVA) was conducted
for the main factors, with results presented in Table 3.
It was observed that the most significant contributors
to the variation in the microchannel’s cross-sectional
area were layer height and channel width (X-axis), as
indicated by their F-values.

The model summary indicates a standard error
(S) of 0.129233. The R-squared value is 72.93%.
The adjusted R-squared is slightly lower, at 72.20%,
accounting for the number of predictors in the model.
Finally, the predicted R-squared value is 71.25%.

Given that the p-value obtained is less than 0.001,
with a confidence level of 90%, it can be assumed
that there is a relationship between the variables:
exposure time, layer height, channel width, and depth,

www.rmiq.org 7
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Table 3. Analysis of variance.

Source DF Adj SS Adj MS F-Value P-Value

Model 7 11.7876 1.68394 100.83 0
Linear 7 11.7876 1.68394 100.83 0
Exposure Time 2 1.0577 0.52885 31.67 0
Layer height 2 6.6199 3.30996 198.19 0
Chaneel width (X) 2 4.0466 2.02329 121.15 0
Depth (Z) 1 0.0634 0.06336 3.79 0.053
Error 262 4.3757 0.0167
Lack-of-Fit 46 4.1555 0.09034 88.62 0
Pure Error 216 0.2202 0.00102
Total 269 16.1633

Figure 8. a) Residuals vs Fitted Values for area compliance percentage. b) Cook's distance plot.

according to the statistical study. Derived from the
multiple regression analysis for cross-sectional area
compliance, an R-squared value of 78.49% was
achieved, indicating that a significant proportion of
the variation in compliance is explained by the input
variables (layer height, exposure time, channel width,
and depth). A higher percentage indicates a better fit
of the regression model to the observed data.

The 270 samples obtained from the experiment
are sufficient to achieve an accurate estimation of
the relationship between the variables. As shown in
the scatter plot in Figure 8a, the values appear to
be randomly distributed. Furthermore, using Cook's
Distance (Figure 8b), no point exceeds the threshold
(indicated by the red dashed line), meaning there are
no outliers that could negatively impact the model.

According to the Shapiro-Wilk test, where:

• H0: The distribution is normal

• H1: The distribution is not normal,

With a significance level of 0.5, the resulting p-value
is 0.0662. Therefore, the normality of the data is
accepted.

3.2 Main effects and trends

In the main effects plot (Figure 10) for the adjusted
mean compliance percentage of the cross-sectional
area, the factor with the greatest influence on this
variable is layer height. A positive trend is observed,
indicating that increasing layer height results in higher
compliance percentages. Similarly, channel width
exhibits a positive correlation, suggesting that wider
channels yield higher compliance percentages for the
cross-sectional area.

Conversely, exposure time per layer shows a
negative correlation, meaning that shorter exposure
times result in higher compliance percentages. Finally,
channel depth exhibits a slight negative trend.

3.3 Interactions and optimization analysis

Figure 10a presents an interaction plot for the factors
affecting the percentage compliance of the cross-
sectional area in adjusted means. For the interaction
between exposure time and layer height, the condition
yielding the highest compliance percentage is a
combination of an exposure time of 1.5 seconds and
a layer height of 50 µm.

8 www.rmiq.org
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Figure 9. Main effects graph of area compliance with input variables.

Figure 10. Interactions of input variables against printed area compliance.

www.rmiq.org 9
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Figure 11. Interactions of input variables against printed area compliance.

In the interaction between exposure time and
channel width Figure 10b, the behavior is similar for
channel widths of 228 µm and 304 µm. However, the
exposure time of 1.5 seconds still provides the highest
area compliance in this interaction.

For the interaction between layer height and
channel width Figure 10c, a similar trend is observed
for channels with widths of 228 µm and 304
µm. However, higher layer heights lead to better
compliance percentages for the cross-sectional area.

In the interaction between exposure time and depth
11a, the behavior is consistent at 1.5 and 2 seconds,
with a slight variation observed for the 1.8-second
exposure time at a depth of 150 µm.

For the interaction between layer height and depth
Figure 11b and 11c, both depths exhibit similar trends,
as does the interaction between channel width and
depth, which shows a positive trend.

3.4 Contour plot and prediction

The contour plot in Figure 12 shows that when
variables are set to a layer height of 50 µm and
a channel width exceeding 300 µm, the probability
of achieving nearly 100% compliance in the cross-
sectional area increases significantly.

Figure 12. Area contour plot for percentage
compliance of cross-sectional area vs layer height and
channel width.

Using optimization and prediction statistics, the
predictor "Y" achieved a maximized compliance value
of 1.11805, exceeding 100%, indicating an area larger
than the specified design. This optimal solution,
suggested by the software, is achieved with the
following parameters:

10 www.rmiq.org
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• X1 (Exposure time): 1.5 s

• X2 (Layer height): 50 µm

• X3 (Channel width): 304 µm

• X4 (Depth): 150 µm

Other possible solutions according to statistical
optimization, closer to 100% compliance are shown
below

Solution 1: X1 = 1.8 s, X2 = 50 µm, X3 = 304
µm, X4 = 200 µm

Solution 2: X1 = 1.5 s, X2 = 50 µm, X3 = 228
µm, X4 = 150 µm

These two solutions encompass a range where
100% optimization of the microchannel's cross-
sectional area is achieved. Based on these predictions,
future experiments with a larger sample size are
planned to validate these results.

Conclusions

This study demonstrates the feasibility of fabricating
microchannels for microfluidic devices using MSLA
3D printing technology. The experimental results
validate the effectiveness of this approach in achieving
high-resolution microfabrication, highlighting its
potential for broader applications beyond specific
printer models.

As discussed throughout this work, the input
factors—layer height, exposure time, and the channel
dimensions (width and depth)—have a significant
impact on the compliance of the cross-sectional area
of the channels. Among these, layer height and
channel width were identified as the most influential
parameters, with a positive correlation to cross-
sectional area compliance.

Moreover, it was observed that optimizing these
factors can yield microchannels with cross-sectional
areas achieving compliance levels very close to 100%
of the designed specifications. The ability to reach
such high accuracy underscores the potential of MSLA
3D printing technology in the precise manufacturing
of microfluidic devices at a considerable low cost.

The findings also highlight the importance of using
systematic experimental approaches, such as factorial
designs, to identify optimal manufacturing conditions.
This approach not only enables precise tuning of input
parameters but also facilitates the identification of
interactions between variables, which is critical in
achieving optimal outcomes.

The successful fabrication of microchannels
using a commercially available, cost-effective
desktop 3D printer opens new possibilities for
the democratization of microfluidic technology.
However, future work should explore additional

factors such as resin composition, post-processing
techniques, and the mechanical properties of the
printed devices. Furthermore, scaling up the sample
size and conducting long-term reliability tests will
be essential for establishing the robustness of the
proposed manufacturing process.

Finally, this work demonstrates that additive
manufacturing, particularly MSLA 3D printing, holds
great promise in advancing the field of microfluidics
at a very low cost, promoting a paradigm shift
for sensing solutions in different specialized sectors
such as medicine and environmental applications by
democratization of these technologies. By enabling
the fabrication of complex geometries with precision
and repeatability, this technology can significantly
contribute to the development of innovative solutions
for fluid manipulation at the microscale.
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