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Abstract

Microfluidics is a crucial technology in biological and medical fields, and its traditional fabrication methods include soft
photolithography poly(dimethyl siloxane) (PDMS) technology and polymethyl methacrylate (PMMA) injection mould-
ing technology. However, these techniques face challenges in manual alignment and bonding issues when they are used to
manufacture microfluidic chips with complex flow channels. To overcome these limitations, digital light processor (DLP) 3D
printing technology has been proposed as a promising alternative. However, this method is prone to problems such as channel
blockage or shape distortion caused by the optical proximity effect or curing light transmission during the manufacture of
microfluidic chips with small-diameter channels. This paper introduces a method to enhance the manufacturing technology
by controlling the local greyscale of the projection image during DLP 3D printing. This allows for modulation of the curing
light intensity, thus reducing the optical proximity effect and the impact of transmitted light on extra areas. The methodology
can be employed in the production of microfluidic devices with circular and square apertures in the microchannels, utilizing
commercially accessible general-purpose resins that are readily available in the market. The printed microfluidic devices
show improved quality, with a channel size that closely matches the preset size, in contrast to significant channel blockage in
devices printed without greyscale optimization. This method provides a new approach for enhancing the quality of low-cost
microfluidic chip production and improves the print quality based on the resolution of the printer and resin used.

Keywords DLP 3D printing - Microfluidic chip - Greyscale optimization - Optical proximity effect

1 Introduction

Microfluidics is a scientific and technological discipline that
focuses on the manipulation and control of small fluid vol-
umes (typically in the range of 10 to 107 litres) in micro-
scale systems utilizing microchannels [1-3]. Microfluidic
chips have garnered significant attention in various fields,
including biomedical diagnostics, food safety control, envi-
ronmental protection, and animal epidemic prevention, due
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to their compact size, automated operation, faster detection
times, reduced reagent consumption, increased sensitivity,
and ability for in-field use. These chips have proven to be
valuable tools for analysing biological and chemical targets
and have been widely applied in these areas [4, 5]. Typically,
microfluidic chips are fabricated using soft photolithography
techniques with poly(dimethyl siloxane) (PDMS) [6] and
polymethyl methacrylate (PMMA) injection moulding [7].
However, the fabrication processes using soft photolithog-
raphy and injection moulding can be cumbersome and face
challenges such as difficulties in achieving proper alignment
and bonding in multilayer structures, thus hindering the pre-
cise control of fluid flow in complex 3D fluidic networks
[8]. In recent years, the adoption of DLP 3D printing in the
fabrication of microfluidic chips has grown significantly due
to its ability to deliver high printing accuracy and ensure
material continuity in printed devices. This technology has
become a widely used method for producing microfluidic
chips due to its advantages over traditional fabrication meth-
ods [9-12].
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The primary constraint in utilizing DLP 3D printers to
achieve minimum channel height printing is the propen-
sity for overcuring the resin in the vertical direction [13,
14]. This phenomenon occurs due to the light transmitting
properties of the resin, which allows for additional light to
penetrate previously printed layers during the curing pro-
cess. This results in the resin inside the channel becoming
photopolymerized, potentially leading to partial or com-
plete blockage of the channel. To mitigate this issue, some
researchers have employed the use of an auxiliary platform
during the curing process, which helps to reduce the amount
of light transmitted through the resin and minimize the total
energy irradiated on it, thereby preventing overcuring of the
resin in the vertical direction [8]. However, the auxiliary
platform method does not effectively address the optical
proximity effect (OPE), which can occur when the perfor-
mance of the light source is inadequate [15]. The OPE is a
phenomenon influenced by the curing light, primarily result-
ing from the diffraction and leakage of the curing light [16].
This leads to an overcuring of the resin due to the higher
intensity of the diffracted and leaked light compared to the
minimum curing light required by the resin (see Fig. 1a).
This issue is particularly pronounced in complex high-
density microfluidic channels at right-angle cross positions
in the plane perpendicular to the Z-axis direction. To miti-
gate the effects of the OPE, some researchers have explored
fine-tuning various printing parameters, such as the distance
between the construction platform and the bottom of the
resin barrel, the orientation of the microfluidic channel on
the build platform, and the use of specific voxel compensa-
tion methods for DLP printing devices [17]. Additionally,
some researchers have proposed a mathematical approach to
model the light dose profile, which can help reduce feature
height errors and further optimize the printing process [18].
However, current research on the OPE and its impact on
print quality in planes perpendicular to the printing direction
is limited. Other researchers have attempted to mitigate the
effects of the OPE by adjusting the composition of the resin
to reduce the penetration depth of the curing light, thus lim-
iting its impact on the microstructure of transparent resins
during curing [19-23]. The utilization of these techniques
may result in the discolouration of the printed component,

Fig.1 Schematic representa- a

thereby hindering the subsequent assessment and examina-
tion of the fluid within the microfluidic channel [24, 25].
In contrast to the aforementioned studies that necessitate
modifications to the machinery or resin, the greyscale com-
pensation approach proposed in this paper only necessitates
software-based optimization of the existing slice images.
Moreover, previous studies on greyscale enhancement have
primarily centred around the relationship between materials
and greyscale [26], which greatly aids the implementation
of the materials presented in this paper.

It is evident that the attainable scale of hole features in
printer fabrication is not solely dependent on the resolution
of the digital micromirror devices (DMDs) integrated in the
printer but is also influenced by the optical absorption of
the resin used [19]. The flushing of resin in a channel is
influenced by its viscosity, as it is semicured and has a high
viscosity, making the flushing process more challenging. In
microfluidic channels with complex, high-density designs,
a partial semicure is caused by the OPE and curing light
transmission in noncured areas. When attempting to flush
semicured resin using gas, the process may not be successful
if the gas pressure is insufficient, and excessive pressure may
cause damage to nonchannel parts. Regulating the degree
of cure can, however, make flushing the resin in noncured
areas more manageable and enhance the quality of subse-
quent processes.

In this study, we concentrate on a digital greyscale opti-
mization technique. The method entails modifying the light
intensity division by adjusting the grey value in specific
regions, resulting in a closer match between the actual con-
tour of the print and the predetermined contour (see Fig. 1b).
It is worth noting that this slicing technique is similar to
the open-source anti-aliasing slicing technique in that they
both handle the greyscale of pixelated slicing and apply it to
machining. The anti-aliasing slice approach uses grey pro-
cessing to optimize the serrated edges of the created devices
[27], whereas the method presented in this study uses grey
processing to improve the dimensional accuracy of the man-
ufactured devices. When used correctly, anti-aliasing softens
the print’s edges and reduces the staircase effect, leading to
a smoother, more continuous surface [28, 29]. Furthermore,
if the optimal slicing approach described in this study is
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utilized properly, the microchannel, which easily becomes
obstructed during the production process, can achieve the
needed dimensional accuracy but also optimize the serrated
edges of devices with computer control, which is more akin
to the graphic compensation of the projection mask used in
high-precision lithography [30].

This paper presents two main contributions. First, a
collection of contour recognition methods is offered that
quickly and accurately extracts contours from conventional
projection images. Second, based on the extracted contours,
a set of greyscale correction techniques are proposed to cor-
rect the intensity of curing light by adjusting the greyscale
parameters, resolving the issues of the OPE and curing
light transmission in the production of transparent devices.
Specifically, we have created software to extract the con-
tours of sliced images in 2D using the fire-burning method
(FBM) [31-33] described in Section 2.4.1. Additionally, we
employed homology theory [34], incorporating the tunnel
loop and handle loop [35, 36], to distinguish channel-related
elements from unrelated elements in 3D sliced images, as
discussed in Section 2.4.2. The greyscale values of the iden-
tified contours are then adjusted based on the experimental
design. These programs are integrated into a self-developed
DLP 3D printer to enhance the microchannel manufacturing
process. The results of the experiment show that the digital
greyscale optimization method significantly improves the
accuracy of microfluidic chip manufacturing.

2 Experiments
2.1 3D printer
Our laboratory has developed a 3D printer specifically

for the manufacture of microfluidic devices. The two
key design features of the printer are its high-resolution
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DMD and UV LED light source. The light intensity can
be adjusted through variations in the greyscale value, a
critical factor in producing different light intensities on the
same print plane. The printer employs a bottom-up print-
ing approach (see Fig. 2a), where the mechanical Z-axis
controls the slice thickness to 20 pm. During printing, cur-
ing light passes through the fluorinated ethylene propylene
(FEP) film to cure the resin in the vat. The cured resin on
the printing platform is then removed from the FEP film
by moving the platform to the next layer for subsequent
curing.

The printer’s optical system is based on a DLP 4710
EVM-LC from Texas Instruments, featuring a 1920 x 1080
micromirror array with a 1:1 imaging system, an imaging
resolution of 20 pm and a projection area of 38.40 x 21.6
mm?. The light engine of the light source is a 385 nm LED.
We performed an experiment to determine the correlation
between the greyscale values of projection images and
the optical power at the curing position utilizing an opti-
cal power meter. The results are presented in Fig. 2b. The
intensity of the light source was varied between 3000 and
4000 mA, which is typical for this application. Our results
showed a linear relationship between the greyscale values of
projection images and the optical power at the curing posi-
tion. A change of 500 mA in the light current intensity was
found to correspond to a change of 25-30 in the greyscale
value. In summary, our self-developed 3D printer allows
for the reliable control of exposure intensity in the same
plane by adjusting the greyscale value of the sliced images.
The relationship between the greyscale values of the projec-
tion images and the optical power at the curing position has
been determined to be linear, with a change of 500 mA in
light current intensity being equivalent to a greyscale value
change of 25-30. This capability provides a solid foundation
for further research on greyscale optimization in the manu-
facturing of transparent microfluidic devices.
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Fig.2 a Design image of our DLP 3D printer. b The relationship between the curing light intensity and greyscale value
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2.2 Materials

In this study, we chose polyethylene glycol diacrylate
(PEGDA) (average Mn: 250 and 700) and ethylene gly-
col phenyl ether acrylate (EGPEA) as monomers, benzene
bis(2,4,6-trimethylbenzoyl) phosphine oxide (commercially
known as Irgacure 819) as a photoinitiator, and 2-nitroben-
zylphenyl sulfide (NPS) as an ultraviolet absorber. NPS was
selected to allow adjustable ultraviolet absorption [19, 37,
38]. The high transmittance and near colourless character-
istics of the resin used in the 3D printer make it ideal for
observing microfluidic channels and studying the influence
of greyscale variations, as it is sensitive to changes in light
intensity. This allows for a better understanding of the rela-
tionship between greyscale values and optical power at the
curing position, which is essential for the greyscale optimi-
zation of transparent microfluidic device manufacturing. To
provide a reliable basis for greyscale optimization research,
we also selected a resin that was simply modified from a
commercial resin for the validation of the printing method.
The resin is blended with commercial resin, colouring dye,
and 1,6-hexanediol diacrylate. The commercial resin, named
General-rigidity Resin, was purchased from eSUN (viscos-
ity 100-150, applicable wavelength 365—405 nm, curing
shrinkage 1.86-2.12, density 1.05—1.13, tensile strength
36-52, notched impact strength 11-20, bending strength
59-70, bending modulus 1882-2385, surface hardness 88
D). The colouring dye Slover Yellow 33 was purchased from
MACKLIN. The 1,6-hexanediol diacrylate, named AgiSyn
2816 HDDA, was purchased from CHREASE CHEMICAL.

2.3 Flow channel flushing

Immediately after 3D printing, it is essential to remove the
residual uncured resin from the flow channels of the fabri-
cated device. To achieve this, an isopropyl alcohol (IPA)
rinse is initially employed. In cases where the residual
uncured resin is not effectively removed through IPA rins-
ing, ultrasonic cleaning can be utilized to further aid in
cleaning. Once the channels were adequately cleaned, they
were dried using nitrogen to prevent any recontamination.
To ensure that the residual IPA is not inadvertently rein-
troduced into the channels, caution is exercised during the
cleaning process by directing the IPA flow through one side
of the channels while utilizing a cloth to absorb any IPA that
may escape through the other side of the channel outlets,
thus preventing any IPA from flowing back into the channels
after cleaning has ceased.

2.4 Slice optimizations

A projection image with a slice thickness of 20 pm is gen-
erated from the 3D model of the device to be printed. The
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image has a resolution of 1920 x 1080, and each pixel has a
feature size of 20 x 20 pm. The greyscale values of the light
source are set from 0 to 255, with O representing no light and
255 representing the highest intensity light of the printer. In
the projection image, white pixels correspond to the exposed
area with a greyscale value of 255, while black pixels cor-
respond to the nonexposed area with a greyscale value of 0.
Grey pixels represent the greyscale-optimized area with a set
greyscale values. Based on the projection image obtained by
slice (see Fig. 3a, b), to facilitate exposure intensity adjust-
ment, we use a Python program to extract the 2D contours
in projection images (see Fig. 3d, h) and use a 3D contour
selection program to distinguish the channel-related and
unrelated parts of the 2D contour-sliced images (see Fig. 3d,
i, green arrow). Thus, the greyscale value of channel-related
elements can be adjusted according to the precisely identi-
fied boundary elements (see Fig. 3d, e). Finally, Fig. 3j-1
shows a schematic of the chosen greyscale optimization
parameters Ly, and L.

2.4.1 2D contour extraction

The 2D contour extraction method applied to the projec-
tion images lacks the essential 3D contour information for
greyscale optimization. To address this issue, we adopt the
fire-burning method (FBM) and incorporate matrix com-
putations to calculate the connected domains. This enables
us to identify the 2D contours from the greyscale images,
which are derived from the projection-sliced images. The
matrix computation strategy and algorithms are illustrated
in Fig. 4a. Figure 4a-1 defines the four-connected domains,
where if the edges of two pixels touch, they belong to the
same connected domain. If the pixels belong to the same
connected domain and are connected horizontally or verti-
cally, they are considered part of the same object. Fig. 4a-3
defines the eight-connected domains, where if the edges or
vertices of two pixels touch, they belong to the same con-
nected domain. If the pixels belong to the same connected
domain and are connected in horizontal, vertical, or diagonal
directions, they are considered part of the same object. The
values of HS and H9 are calculated based on the defined
matrix computation and the 3 X 3 matrix (refer to Fig. 4a-2
and 4), which are utilized to distinguish the four-connected
and eight-connected domains.

The process of identifying the contours involves the
following steps. First, the projection image is binarized
by setting the exposed area to 1 and the nonexposed area
to 0. The pixel with a value of 1 in matrix (e5) is then
subjected to boundary identification using the matrix. As
demonstrated in Fig. 4a-4, the eight-connected domain is
identified. If the calculation of H9=8 is obtained through
the arithmetic formula (as depicted in Fig. 4a-4), element
(e5) is recognized as an inner element. On the other hand,
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j

Fig.3 A flow chart of contour recognition and greyscale optimiza-
tion. a Selected model. b Schematic representation of the sliced
model. ¢ Schematic representation of the optimized slice of projec-
tion images by the FBM method with Ly, = 2, L, = 2, and greyscale
= 204. d Schematic representation of projection images optimized
by the FBM method. e Schematic representation of the projection
image processed by the homology theory function. f Schematic rep-
resentation of the slice processed by the homology theory method. g
Schematic representation of the initial state of the projection image
obtained by the initial slice. h Schematic representation of the projec-

if H9 < 8 is obtained, element (e5) is considered a bound-
ary element. The boundary elements are linked to form
a closed ring, which constitutes a 2D contour. Finally,
secondary identification is carried out on the identified
boundary elements to eliminate redundant vertices from
the projected image. If the secondary identification shows
H5 = 0 and H9 < 2, the element is deemed a redundant
element, and its value is reset to O in the binarized matrix.

FBM Lxy=2Lz=2 |

Grayscale=204

Lxy=2 Lxy=2

Channel-Unrelated

Lz optimization

tion image after greyscale optimization by selecting Ly, = 2. i Sche-
matic representation of channel-related and channel-unrelated struc-
tures distinguished by Fig. 3d through the homology theory method.
The channel-related line is a kind of boundary line created by slic-
ing the contour boundary of the channel in the 3D model in Fig. 3a.
Channel-unrelated is a kind of boundary line that is not channel-
related in all boundary lines. j Schematic of the Lyy. k Schematic of
the L,. 1 The corresponding Fig. 3k is a schematic of the optimization
method for the optimization layer by the L, selected

According to the 2D contour extraction method, we can
identify the connected domain of the image with a resolution
of 1920 x 1080, as shown in Fig. 4b. The identification of
the connected domain of the two points is shown in Fig. 4c.
The element H9=8 is identified as an inner element. The
element H9=4 is identified as a boundary element. If all
identified contour elements are removed, the elements that
are adjacent to the original contour elements will become
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Fig.4 Example of greyscale

contour recognition and opti- a

mization process. a Adjacency el | e2 | e3

of the square grid: 1 vertical or 4
horizontal elements are con- e4 51eb | H=|e,
sidered to be four-connected, 2 e,
identification method of four- e’ | e8 | ed

connected, 3 vertical, horizon-
tal, and diagonal neighbouring
elements with adjacencies are
considered to be eight-con-
nected, 4 identification method
of eight-connected. b Projection
image to be optimized. ¢ Fea-
ture values obtained after identi-
fication using the FBM method.
d Optimize the greyscale of

the edges and select the result
of weakening the greyscale
layer (Lyy = 1). e Optimize the
internal greyscale and select the
result of weakening the grey-
scale two layers (Lyy = 2)

new boundary elements. The new boundary elements form
a new boundary contour, which is set as the second layer of
the original contour. We can extract the boundary elements
with different pixel widths (pixel edge lengths or diagonal
widths) by this method, as in Fig. 4d, e and in Fig. 3h, j.
Finally, the greyscale values of the boundary elements can
be changed according to the greyscale correction method in
Section 2.5 later. Thus, the optimization of the greyscale of
printing in the 2D plane is completed.

2.4.2 3D contour extraction

The 2D contour extraction method cannot identify the top of
the channel in a single-slice direction when the position of
the acquired projection image in the Z-axis direction of the
sliced layer is higher than or equal to the top of the microflu-
idic channel. In addition, the elements of the blue line (see
Fig. 3i channel-unrelated) and the yellow line (see Fig. 3i
channel-related) have the same meaning in this method.
Thus, the 2D contour extraction method used in the recogni-
tion of the projection image shown in Fig. 3i cannot identify
whether the contour elements are channel-related from the
projection image containing the through-hole.

@ Springer
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Due to the grey-optimized edges, the curing light inten-
sity is insufficient, which will lead to a soft structure in the
channel-unrelated part. If the manufacturing quality and
hardness of the channel-unrelated part of the microfluidic
chip is not high, then it is possible to use only the 2D con-
tour extraction method for greyscale optimization. The top
information of the channel could be selected by 2D con-
tour selection on another sliced plane, whose direction is
requested to be perpendicular to the original slicing direc-
tion. Thus, all the 3D contour extraction is completed. How-
ever, if devices with high manufacturing quality are needed,
a distinction between channel-related and channel-unrelated
in greyscale optimized contour extraction is needed. This
prevents impairing the exposure intensity of channel-unre-
lated areas that do not need to be weakened. Therefore, we
further investigate the method of 3D contour extraction to
identify and distinguish the areas that are channel-related
and channel-unrelated.

It is worth noting that the 3D contour identification in
this paper refers to the identification of the flow channel sur-
face, but the 3D contour identification is relatively complex,
and the core goal of this paper is to verify the feasibility of
the greyscale optimization method. Thus, this paper only
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identifies the three-dimensional contour of the microfluidic
device, in which each flow channel cross section remains
constant; therefore, the three-dimensional contour identifica-
tion problem is simplified to the flow channel cross-section
identification problem. The first step is to reconstruct the
3D model based on the slices: read the sliced images of
the printed model and convert the images into a greyscale
matrix, where the solid part is 1 and the nonsolid part is 0.
Then, the greyscale matrix is arranged sequentially at 20 pm
intervals, thus forming a 3-dimensional numerical matrix.
The surface mesh of the microfluidic device is reconstructed
according to the 3D numerical matrix, and the algorithm
of Dey et al. [35] is used to calculate the tunnel loops and
handle loops, thus completing the identification of the flow
channel cross-section of the desired printed model based on
the sliced images, thereby providing support for more accu-
rate channel-related parameter identification for greyscale
optimization.

The flow channel cross section is closely related to the
geometric feature called the tunnel loop in the 3D model.
There exists a special set of nontrivial loops on the surface
called tunnel and handle loops that are closely related to
the geometric features called tunnel and handle loops in the
3D model, respectively, where this special set of nontrivial
loops is also known as the 1-dimensional homology group
in homology theory. Therefore, this paper identifies the 3D
contours (tunnel loops) by homology theory. Let M be a con-
nected, closed (compact and without boundary), and orient-
able surface. Such a surface M partitions R* into two regions
I and O such that INO = M and IUO = R®. The unbounded
region O is called the exterior of M, while the bounded
region I is the interior of M. For a disjoint simple closed
curve y on M, if y is trivial in O but nontrivial in I, then it is
a tunnel loop; similarly, if y is trivial in I but nontrivial in O,
then it is a handle loop. In other words, if y can be continu-
ously reduced to a point in O but not in I, then it is a tunnel
loop; similarly, if y can be continuously reduced to a point
in I but not in O, then it is a handle loop. It is worth not-
ing that the tunnel loop and the handle loop are symbiotic,
i.e., if there is a tunnel loop, there must be a corresponding
handle loop, and vice versa. Furthermore, the number of
tunnel loops (or the number of handle loops) on M is equal
to its genus. The genus represents the maximum number of

cuttings along nonintersecting closed simple curves without
rendering the resultant structure disconnected. In addition,
there are infinitely many sets of tunnel loops on the surface,
and the tunnel loops in the article default to a set of shortest
length tunnel loops. The genera of the surfaces shown in
Fig. 5a—c are 1, 2, and 3, respectively; thus, they have 1, 2,
and 3 shortest tunnel loops (red loops), respectively.

The information of the channel-related boundary is
extracted based on this method (as shown in Fig. 5d). Then,
the channel-unrelated part of the 2D contour recognition
image is removed using this information. Then, coordinate
information of the elements in the channel-related part and
the channel top part is extracted. It can be adjusted to option-
ally modify only the greyscale value of a single parameter
(Lyy and L, described in Section 2.5, choose one of them
for modification), which is convenient for variable control.

2.5 Greyscale adjustment

The greyscale values of the boundary elements determined
by the projection images extracted based on the method in
Section 2.4 are adjusted. The number of contour layers in
the projection image (Fig. 3h, j) is set to Lyy. The number
of layers in the optimized slice (Fig. 3k) is set to L,. The L,-
optimized part is modified according to the Ly,-optimized
part in the way shown in Fig. 3j-1. By a single variable
adjustment, the Ly, mainly influences the OPE, and the L,
mainly influences the cured light transmission. Square aper-
ture channels with feature size D, in the vertical or paral-
lel to the print plane direction are performed to check the
effect of the set parameters on the quality of the channels.
If a single parameter could not complete the optimization,
reducing the greyscale value of the greyscale optimization
part could further reduce the light intensity of the exposure
region. Meanwhile, increasing L, and Ly, could increase
the impact range. These strategies enhance the optimization
effect.

2.5.1 Lyy adjustment
To improve the print quality of the holes in the vertical

direction, as shown in Fig. 6a, we used the greyscale opti-
mization method to print square microfluidic channels with
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Fig.5 Identification of the shortest tunnel loops. a Genus is 1. b Genus is 2. ¢ Genus is 3. d Identify the outline circle of the solid microfluidic
channel to be printed; the red circle is the extracted boundary of the channel-related channel
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Fig.6 The print experiment was conducted for the 300-500 pm flow
channel for different layers (Lyy) of pixels after greyscale optimiza-
tion, and the print size was closest to the preset size after three layers
of greyscale optimization with a stripe width of 20 pm on the result.

different feature sizes D; by only changing the parameter
Lyy. According to the contour selection method introduced
in Section 2.4, we adjusted the optimization range of the
2D greyscale by Lyy = 1~3. The greyscale value was cho-
sen to be 10% higher than the cure threshold of the resin.
Therefore, the overcured resin in the greyscale optimized
area could be cleaned more easily. Thus, the OPE on the
overcuring area of the resin is reduced.

The experimental results are measured according to the
stripe width or square grid edge length (20 um, approxi-
mate pixel resolution width) left on the model surface dur-
ing printing, as shown in Fig. 6. The greyscale improve-
ment method could significantly improve the quality of the
microchannel. The area of the effective cross-section of the
channel shown in Fig. 6¢ is used as the evaluation crite-
rion. The results of this experiment show that the area of the
cross-section of the channels after greyscale optimization
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1

a Schematic representation of the size of the printed model. b Sche-
matic representation of the optimization of the printed model. ¢ Sche-
matic representation of the printing results and an illustration of the
evaluation criteria area

using Ly, = 3 is approximately 95% of the preset area. In
contrast, the area of the cross section of the channels without
optimization is approximately 80% of the area of the preset.
In addition, if more greyscale-optimized layers are applied,
there is less residual resin in the channels after cleaning. It is
confirmed that proper adjustment of the Ly, has an improved
effect on print quality.

2.5.2 L, adjustment

To improve the print quality of the holes in the parallel direc-
tion (shown in Fig. 7a), we used the greyscale optimization
method to print square microchannels by only adjusting L.
As Fig. 7a shows, the feature size of the printed model is D,
=400 pm~500 pm, which parallels the plane of printing. To
reduce OPE from the effect of curing light transmission, we
chose a large width of the channel. This could facilitate the
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Feature size (D) Original

500pm

400pm

d Printing platform

Resin \
FEP membrane /_

i

Fig.7 Printing experiments after greyscale optimization of differ-
ent layers (L,) of pixels for the 500 pm flow channel. a Schematic
representation of the print model size. b Schematic representation of

_—

observation of the size of the cured resin and the state of the
semicured resin affected by curing light transmission. We
adjusted L, from 10 to 30 for greyscale optimization. The
greyscale value is approximately equal to the cure threshold
of the resin.

In this experiment, the thickness of each printed layer
is approximately 20 pm. Compared to the devices without
greyscale optimization, it can be observed that the opti-
mized part has a softer structure (see Fig. 7) due to the
adjustment intensity of the curing light. The soft structure
was distorted when separated from the FEP film, which
caused a small malformation of the printed devices (see
Fig. 7d). The effective height of the channel shown in

10

20 30

\

the print model slice optimization. ¢ Schematic representation of the
printing effect and evaluation criteria height. d Schematic representa-
tion of the process of soft area production

Fig. 6¢ is used as the evaluation criterion. For the preset
height D; = 500 pm, the height of the printed channel
after greyscale optimization is approximately 88% of the
preset height with the parameter L, = 30, which is 16%
higher than the 72% obtained by the device manufactured
without optimization. For the preset D; = 400-pm device,
the results after optimizing height do not change signifi-
cantly. It is worth noting that this does not mean that the
optimization of L, is invalid. This phenomenon probably
occurred due to the small size of the chosen channel,
which suffered a larger effect of OPE than a large width
due to the instability of the machine. We can overcome
this issue by adjusting Lyy. That is, the instability of the

@ Springer
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machine can be overcome to some extent by adjusting Ly,
and L.

3 Experiment and discussion

It is worth noting that the resin we used in this experiment
is remade by a common commercial resin. Because the cir-
cular microfluidic channel can simultaneously examine the
effect of Ly, and L,, we printed a set of orthogonal droplet
generators with circular holes in the microchannels with a
500 pm diameter, as shown in Fig. 8a. In this experiment,
we take L, = 50 for greyscale optimization with greyscale as
the primary variable. After the print quality stabilized, the
print experiment only used Ly, as the variable. The experi-
mental results are shown in Fig. 8. There is a residue of
uncured or semicured resin in these cases without greyscale
optimization or when the parameters of greyscale optimiza-
tion are not selected exactly. In addition, as the greyscale
values decrease and Lyy increases, the print channel size

Fig. 8 Printed orthogonal
droplet generators with circular
flow channels of 500 pm radius.
a Schematic representation of
the dimensions of the circular
orifice runner of the printed
device. b 3D model drawing

of the printed device. ¢ The
parameters selected for the
greyscale optimization of the
device correspond to the imagi-
nary exposure schematic of a
the cross section of the device,

as shown in (b). d Schematic

representation of the greyscale

optimization of the channel. e
Photomicrographs of devices

manufactured before greyscale

optimization and physical draw-

ings. f The physical picture and
micrographs of the fabricated b
device after adjustment for

greyscale optimization using the

parameters greyscale = 128, Ly,

=6,and L, =50

Original (255) 204

—
500 pm

o
500 pm

Original

@ Springer

gradually approaches the preset size. As shown in Fig. 8e, f,
the device pictures of the corresponding photomicrographs
taken before and after greyscale optimization are shown.
The experimental results demonstrate the feasibility of the
greyscale optimization method to improve the print quality
of highly transparent devices.

We found that reducing the greyscale values of the
optimization also significantly attenuated the overcuring
problem. In addition, as the experimental results show, the
optimized position can still be cured even when the grey-
scale values of the optimized part are lower than the cure
threshold of the resin. We speculate that this phenomenon is
caused by the excessive amount of cure initiator used in this
resin, which is easily influenced by the cure light from OPE.
Therefore, we increased the values of Lyy. The experimen-
tal results approximated the anticipated results. Following
this line of experimentation, the suitable values of greyscale
optimization parameters that produce better print results can
be approximated by a few simple sets of experiments using
common resins.

Printed cross droplet generator with 500pm radius circular channel

Grayscale

178 153 128 Ly

+ 3
oo

+ 4
+ 5

—
500 pm

—
500 pm

+ 6

30 pm
LXY=6
Lz=50

Grayscale=128
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4 Conclusions

In summary, a greyscale optimization method is presented
to print microsized channels using light-curing resins with
high light transmittance. The method can improve the
accuracy of the positioning of resin curing performance,
which includes a set of methods of extracting model
contour information in sliced images and offers a set of
methods to choose parameters of the greyscale-optimized
strategy. The purpose of controlling the light intensity of
curing light in the hollow channel region and adjacent
designated areas is achieved. By the method presented,
the effect of OPE and curing light transmission due to
the high light transmission of the resin on the minimum
size of the printed microfluidic channel has been impaired.
This method can further improve the manufacturing qual-
ity under the same conditions as the DLP 3D printer and
general commercial resin. This is not limited to the printer
resolution used in this article, contributing to the develop-
ment of one-step preparation of microfluidic chip chan-
nels using DLP 3D printers. Overall, the method can also
enhance the fabrication quality of complex and high-den-
sity microfluidic channels in printed microfluidic chips.
This study provides a new strategy for quality improve-
ment and iterative updates of low-cost microfluidic chip
preparation.

In addition, we believe that the 3D contour recognition
strategy described in Section 2.4.2 of the paper can be
extended to recognize 3D contours of chips with com-
plex flow channels, but the specific details deserve further
investigation. We believe that the 3D skeleton technique
[39] can also be used to identify accurate 3D contours
of complex flow channels in microfluidic chips. Further-
more, we will also research this method’s automatic global
optimization.
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