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Abstract
We report a quantitative and systematic method for determining 3D-printing and surface-treatment conditions that can help 
improve the optical quality of direct-printed microfluidic devices. Digital light processing (DLP)-stereolithography (SLA) 
printing was extensively studied in microfluidics owing to the rapid, one-step, cleanroom-free, maskless, and high-definition 
microfabrication of 3D-microfluidic devices. However, optical imaging or detection for bioassays in DLP-SLA-printed 
microfluidic devices are limited by the translucence of photopolymerized resins. Various approaches, including mechanical 
abrasions, chemical etching, polymer coatings, and printing on transparent glass/plastic slides, were proposed to address 
this limitation. However, the effects of these methods have not been analyzed quantitatively or systematically. For the first 
time, we propose quantitative and methodological determination of 3D-printing and surface-treatment conditions, based on 
optical-resolution analysis using USAF 1951 resolution test targets and a fluorescence microbead slide through 3D-printed 
coverslip chips. The key printing parameters (resin type, build orientation, layer thickness, and layer offset) and surface-
treatment parameters (grit number for sanding, polishing time with alumina slurry, and type of refractive-index-matching 
coatings) were determined in a step-wise manner. As a result, we achieved marked improvements in resolution (from 80.6 
to 645.1 lp/mm) and contrast (from 3.30 to 27.63% for 645.1 lp/mm resolution). Furthermore, images of the fluorescence 
microbeads were qualitatively analyzed to evaluate the proposed 3D-printing and surface-treatment approach for fluores-
cence imaging applications. Finally, the proposed method was validated by fabricating an acoustic micromixer chip and 
fluorescently visualizing cavitation microstreaming that emanated from an oscillating bubble captured inside the chip. We 
expect that our approach for enhancing optical quality will be widely used in the rapid manufacturing of 3D-microfluidic 
chips for optical assays.
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1  Introduction

Three-dimensional (3D) printing was first developed in the 
early 1980s in the form of stereolithography (SLA) [1–10]. 
3D printing allows the assembly-free, high-definition manu-
facturing of a freeform, semi-arbitrary 3D object directly 
from a CAD design [6, 7, 11, 12]. Furthermore, material 

consumption can be reduced, in contrast to subtractive man-
ufacturing, such as machining or laser ablation [6, 7, 11]. 
Since its inception, several 3D-printing methods, including 
fused deposition modeling (FDM), selective laser sintering 
(SLS), laminated object manufacturing (LOM), and multi-
jet modeling (MJM), have been developed [3, 7, 8, 11, 13]. 
3D-printing has the potential to revolutionize manufacturing 
in various industrial fields by (1) prototyping products and 
parts rapidly (e.g., automotive, aerospace, and defense indus-
tries), which can facilitate overall research and development 
processes; and (2) customizing a product for the require-
ments of an individual user (e.g., prosthetics, implants, and 
shoes) [1, 7, 8, 14].

Many microfluidic devices have been fabricated using 
polydimethylsiloxane (PDMS)-based soft lithography for 
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more than the past 20 years. Soft lithography has advantages 
over conventional cleanroom-based microfabrication tech-
niques established in the MEMS and microelectronics indus-
tries: low cost, biocompatibility, optical transparency, gas-
permeability (i.e., cell culture), mechanical elasticity (i.e., 
Quake’s valve), cleanroom-free fabrication, and relatively 
short user training [8, 13, 15]. However, soft lithography has 
critical limitations when translated into mass manufacturing 
[2, 8]. Soft lithography is largely a slow and manual process 
that requires molding, demolding, alignment, and bonding of 
multiple PDMS layers. Therefore, it is challenging to scale 
up the manufacturing process [12, 15]. Furthermore, the 
properties of PDMS are vastly different from those of hard 
plastics, including polymethyl methacrylate (PMMA), poly-
styrene (PS), and polycarbonate (PC), which are routinely 
used in mass-produced microfluidic devices [2]. Moreo-
ver, a master mold for soft lithography is typically fabri-
cated using SU-8 photolithography, which is still limited 
by conventional cleanroom-based microfabrication [5, 15, 
16]. Even by stacking multiple layers, a PDMS microfluidic 
device remains 2.5D, unable to take advantage of a genu-
ine 3D design [2, 8, 11]. Lastly, interfacing with a PDMS 
microfluidic device (i.e., punching holes and securing metal 
tubes) lacks standardization, is prone to leakage, and proves 
labor intensive [6, 8]. Thus, only a handful of PDMS-based 
microfluidic products are currently sold in the market (e.g., 
Fluidigm) [8, 17].

3D printing has been rapidly adopted by the microflu-
idics community, addressing the limitations of soft lithog-
raphy [9, 10, 18, 19]. First, 3D printing can be performed 
without a cleanroom [5, 15], and now desktop 3D printers 
have become more affordable [6, 13]. This has made 3D 
printing accessible to many microfluidic researchers. Sec-
ond, tedious manual alignment and bonding are not required 
because the entire device can be printed in one step [20, 21]. 
Third, the polymer materials used in 3D printing are more 
similar to those used in mass manufacturing than PDMS 
[2]. Therefore, the technological translation to a commercial 
scale is considerably easier [2, 12]. Fourth, interfacing with 
3D-printed microfluidic devices is more straightforward and 
secure than PDMS counterparts using standardized fluidic 
couplings (e.g., Luer-Lock, barb types). CAD designs of 
those couplings can be easily downloaded (e.g., Grabcad) 
and embedded into a device design [3, 8, 11–13]. Finally, 
a truly 3D-microfluidic device can exploit the potential of 
freeform geometry such as intricate vertical fluidic connec-
tions, inclined structures, and spiral channels, compared to 
PDMS devices limited in 2.5D [2, 12]. Now entire micro-
fluidic devices are routinely 3D-printed [12, 21]. Among 
the aforementioned various 3D printing methods, DLP 
(digital light processing)-SLA, is deemed the most suit-
able for microfluidics because it can realize superior print-
ing resolution (as low as 2 μm XY resolution and 1 μm Z 

resolution) [2, 22], better surface finish [14, 23], more secure 
device sealing [14], faster support removal (i.e., by suction 
of uncured resin) [6, 8], and faster printing [14, 15]. There-
fore, an increasing number of microfluidic devices have been 
fabricated using DLP-SLA printing [16, 21, 24, 25].

DLP-SLA printing has a few limitations [2, 8, 24], includ-
ing inferior resolution (compared to the soft-lithography res-
olution), cytotoxicity, gas impermeability, and complexity 
in multi-material printing. However, optical transparency is 
one of the critical limitations that has not been thoroughly 
addressed [5, 8, 11]. The transparency of a microfluidic 
device is essential because optical observation and detec-
tion (e.g., fluorescence and UV–Vis absorbance) are rou-
tinely performed [26–28]. The surface roughness and bulk 
volume defects of a printed structure were reported to reduce 
transparency because of light diffraction and scattering [28, 
29]. Various origins of surface roughness have been sug-
gested, including (1) photopolymerization on the textured 
(anodized) surface of a build platform [26, 28]; (2) pho-
topolymerization on a polymer-film window of a vat bottom, 
which is scratched by continuous delamination with a metal 
slider [28]; and (3) the pixelation of a polymerized surface 
[30, 31] because of a grid-like illumination pattern from 
millions of micromirrors in a DLP chip [32, 33].

Several approaches have been employed to improve sur-
face roughness [7, 20, 28], including (1) mechanical abrasive 
treatment such as sanding [26, 34, 35] and diamond polish-
ing [35, 36]; (2) chemical treatment such as solvent-fume 
polishing [37]; (3) polymer coatings [38] such as PDMS 
[39], epoxy [40], and acrylic spray [41]; (4) refractive-index 
(RI) matching using oils [25, 42, 43]; and (5) printing on 
pristine glass or plastic plates [44]. However, these methods 
lacked quantitative and systematic assessment of the optical-
quality improvement using metrics such as resolution and 
contrast. In most cases, the optical-quality improvement was 
qualitatively validated by imaging cells [25, 26] or micro-
structures [25].

In this work, we aim to address this limitation by taking 
a novel approach based on a USAF 1951 optical-resolution 
test chart. It consists of several test patterns, three horizontal 
and three vertical lines with progressively smaller widths 
and spacings [45]. The line widths and spacings span from 
2 mm (group − 2 and element 1) to 0.55 μm (group 9 and 
element 3), which can be translated into a resolution of 0.250 
lp/mm (line pair per mm) to 912.3 lp/mm, respectively. Res-
olution is measured by the smallest test patterns, of which all 
lines are optically distinguished by an observer. The USAF 
1951 test chart is widely used in optics and optical engineer-
ing to quantify the performance of optical systems such as 
lenses, image sensors, and projection systems [46–49].

To the best of our knowledge, this is the first study 
to use USAF 1951 charts to quantitatively and system-
atically analyze the improvement in the optical quality of 
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DLP-SLA-printed microdevices for the purpose of opti-
mizing 3D-priting and surface-treatment conditions. We 
“semi-optimized” 3D-printing and surface-treatment con-
ditions via the step-wise modification of a single parameter 
in a seven-dimensional parameter space so that a printed 
microfluidic device could yield the best resolution through 
an optical window at the top. To prove the concept, we 
selected important build parameters, (1) resin type, (2) print-
ing orientation, (3) layer thickness, and (4) layer offset, and 
determined parameter values that yielded the best resolu-
tion. Then, we established  surface-treatment conditions in 
a similar manner. We opted to determine the conditions for 
the key surface-treatment methods: (5) sanding, (6) alumina 
polishing, and (7) RI matching. These methods are relatively 
straightforward and safe compared to techniques such as sol-
vent-fume etching and acrylic spray. Finally, we validated 
our quantitative, systematic, and experimental approaches 
to optical-quality improvement by printing operational test 
microfluidic devices. We demonstrated a 3D-printed micro-
mixer chip based on cavitation microstreaming. The stream-
lines generated by an oscillating bubble in the micromixer 
chips that were prepared using unoptimized and optimized 
conditions were visualized, and the corresponding stream-
line images were compared in terms of optical quality.

2 � Materials and Methods

2.1 � Materials

Three popular, commercial, clear resins for stereolithography 
(SLA) printing were employed for comparison: PlasCLEAR 
of Asiga (Alexandria, Australia), PR48 (open-source resin 
developed by Autodesk, manufactured by CPS, Boulder, 
Colorado, United States), and GR-10 from Pro3dure Medi-
cal (Iserlohn, Germany). 99.95% isopropanol for washing 
cover chips was purchased from Duksan Pure Chemicals 
(Ansan, South Korea). Sandpaper disc pads of 1000, 2000, 
3000, and 5000 grits were obtained from Jiangsu Dongyan 
Abrasive Tools (Jiangsu, China). Polishing cloth pads were 
purchased from PartLine (Anyang, South Korea) and used 
with a 50-nm alumina slurry (product code: #17727101999) 
from Metallurgical Supplies (Tonawanda, New York, United 
States). Sandalwood oil (RI n = 1.5–1.51) was purchased 
from Herbnoori (Daegu, South Korea), and AP 150 Wacker 
silicone oil (n = 1.51, #330779) was obtained from Sigma 
(St. Louis, Missouri, United States). Fluorescence microbe-
ads (emission wavelength = 485 nm, #FH-10052-2) for flow-
field visualization were purchased from Spherotech (Lake 
Forest, Illinois, United States).

Two USAF 1951 resolution test targets were used for 
the quantitative optical-quality analysis of printed chips. 
A low-resolution chart (from group 2—element 1 to group 

7—element 6, #R3L1S4P) was obtained from Thorlabs 
(Newton, New Jersey, United States), and a high-resolution 
chart (from group 2—element 1 to group 9—element 3, 
#PS75P) was from Graticules Optics (Tonbridge, United 
Kingdom). A microscope calibration slide with embedded 
fluorescence beads (StarLight, #25442-1) from Polysciences 
(Warrington, Pennsylvania, United States) was used to quali-
tatively assess 3D-printing and surface-treatment conditions 
and to evaluate the proposed post-fabrication process for 
fluorescence imaging applications.

2.2 � Slide‑Cover Chip Fabrication 
and Imaging‑Based Determination of Optical 
Quality

A slide-cover chip was fabricated using various 3D-print-
ing and surface-treatment conditions. The cover chip has 
a bracket “[” shape that fits properly to resolution test tar-
gets of the standard glass-slide format (75 mm × 25 mm) as 
shown in Fig. 1. The top-plate thickness of the chip was 
designed as 400 μm (build-plate thickness of 50 μm was 
added to the final thickness during printing), and the thick-
ness of the arms was designed as 1 mm (Fig. 1a). The top 
plate should be as thin as possible for better light transmis-
sion; however, 400 μm was selected because the thinner top 
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target slide
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Fig. 1   Slide-cover chip and USAF 1951 resolution target. a Sche-
matic of slide-cover chip, properly fit on the resolution target. Bright-
field and fluorescence images of the target were captured via the 
top plate of the chip, using an upright microscope equipped with an 
sCMOS camera. The dimension was given in millimeters. b The pho-
tograph of the cover chip fitted on the resolution target
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plates tend to bend after printing. The chip was rinsed twice 
using isopropanol in a sonicated bath with an ultrasonic 
cleaner UC-20, purchased from Jeiotech (Daejeon, South 
Korea) for a total of 15 min. Then the chip was exposed to 
UV light for 10 min to complete photopolymerization in 
a compact UV oven (Asiga Flash). The completed cover 
chip was tightly fitted to the resolution target, as indicated 
in Fig. 1b.

The optical quality of each cover chip was analyzed by 
optical resolution, which was determined by the visual 
inspection of brightfield images. These images were cap-
tured using an upright microscope (BX40) from Olym-
pus (Tokyo, Japan), equipped with an sCMOS camera 
(#CS2100M-USB) from Thorlabs. The low-resolution tar-
get (Fig. 2a) contains standard patterns from groups 2 to 
7 (equivalent to the resolution of 4.00–228.1 lp/mm). The 
images of the low-resolution test target were captured with 
a 10× objective lens (UPlanFL, Olympus). The resolution 
was practically identical (indistinguishable test patterns) 
throughout the sanding step (Sect. 2.4), even with progres-
sively refined sanding conditions. Therefore, higher resolu-
tion patterns from groups 8 to 9 in the target from Graticule 
Optics (Fig. 2b) were used for the sanding and subsequent 
steps. Their images were taken with a 40× objective lens 
(UPLanFL, Olympus).

We considered a pattern resolved if all three vertical 
and horizontal lines were distinguished by the Rayleigh 
criterion [45]. First, a grayscale image of a specific pat-
tern was inverted (i.e., black rectangles turned white ones). 
The resulting pixel intensity was measured using ImageJ, 
developed by the National Institutes of Health (Bethesda, 
Maryland, United States). Second, we considered a specific 

pattern optically resolved when the intensity value for each 
trough (black rectangular gap between two white rectangular 
features) was above 74% of the maximum intensity among 
the three peaks (both vertical and horizontal). We took the 
average intensity of empty areas near the vertical patterns 
as the minimum intensity (e.g., left side of pattern group 9 
and element 3 in Fig. 2b) because it was difficult to find a 
suitable, empty area near the horizontal patterns.

When the resolution was indistinguishable even with the 
high-resolution target (Graticules Optics), we resorted to the 
contrast values instead of using even higher-resolution charts 
(e.g., 2015a USAF from Ready Optics). This is because of 
the challenges in using high-magnification objective lenses 
such as short working distances and stage vibration. The 
intensity value I of the pattern images captured under the 
same lighting and capture conditions, i.e., 50% power of an 
LED light source PE-300 Ultra (CoolLED, Andover, United 
Kingdom), an exposure time of 30 ms, 1 × 1 binning, and 
1 × amplifier gain, was measured using ImageJ. Then, the 
contrast (%) was calculated as:

We calculated the average of contrast values from two 
rectangular pairs (horizontal and vertical) and considered a 
pattern to be in higher contrast if both average values were 
larger.

The fluorescence images of microbeads in the calibration 
slide were also captured. We used an upright epi-fluores-
cence microscope BX50 (Olympus), equipped with a Peltier-
cooled CCD camera CoolSNAP HQ2 (Photometrics, Tucson, 
Arizona, United States), and the same 10× and 40× objec-
tive lenses and a fluorescence filter set (U-MWB, Olympus). 
The fluorescence images aided in determining the optical 
quality of the cover chips when the two brightfield images 
were indiscernible. As the resolution was chiefly analyzed 
using brightfield images, fluorescence images were used to 
confirm if high-quality fluorescence imaging could be per-
formed through microfluidic chips printed using the deter-
mined conditions.

2.3 � Step‑Wise Determination of 3D‑Printing 
Conditions

We used PICO2 HD, a DLP-SLA printer with a UV light 
source (385 nm) from Asiga. It features a nominal XY reso-
lution of 27 μm and a Z resolution of 1 μm. The PICO2 
HD printer has been frequently used for microfluidic chips 
because of its high printing resolution [34, 50–54]. In this 
study, three clear commercial resins, PlasCLEAR (Asiga), 
GR-10 (Pro3dure), and PR48 (Autodesk), were tested. Print-
ing parameters for PlasCLEAR were built in the printing 
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I
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− I
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Fig. 2   Two USAF 1951 resolution test targets were used in this work. 
a The lower resolution target was from Thorlabs. Resolution patterns 
from groups 6 to 7 (inset figure) were captured using a 10× objec-
tive lens and used to evaluate the resolution until the sanding step 
(Sect.  2.4). b The higher resolution target from Graticules Optics. 
Resolution patterns from groups 8 to 9 (inset figure) were captured 
using a  40× objective lens and used to evaluate the resolution for the 
sanding and subsequent steps
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software Composer (Asiga). Although GR-10 is not an Asiga 
product, the company provided a material definition file (.ini 
file) and a basic guideline for parameter adjustment. PR48 
is an open-source resin designed by Autodesk, but we were 
unable to obtain a material definition file. Therefore, we 
chose to use the same.ini file for GR-10 since the file worked 
with minor parameter modifications. Among the various 
build parameters, some basic parameters were fixed, but the 
rest were modified to determine a condition for improved 
optical quality.

For the fixed parameters, the light intensity was set at 
30 mW/cm2 for all resins. Exposure time, which defines 
the duration of UV illumination [55], was set as the default 
value for each resin: 6.30 s for PlasCLEAR and 0.305 s for 
GR-10. The exposure time for a proprietary PR48 was deter-
mined as 2.0 s, which is a slight increase from the suggested 
value in the literature [56]. We also determined “burn-in” 
exposure time. It is required to form a build plate (or “burn-
in layer”), which is the first layer laminated onto the built 
platform. Without an appropriate burn-in layer, 3D-printed 
structures were often entirely delaminated from the platform 
or bent because of the internal stress [30, 57, 58]. The burn-
in exposure time was set to 17.3 s for PlasCLEAR and 0.8 s 
for GR-10 as the default values. For PR48, 5.26 s was tested 
as a starting point because the ratio of exposure time to burn-
in exposure time was 0.38 (= 2.0 s ÷ 5.26 s), which matches 
the exposure-to-burn-in-exposure-time ratio of PlasCLEAR 
and GR-10. Later, the burn-in exposure time was increased 
to 16 s so that the cover chips robustly adhered to the build 
platform. We selected the number of burn-in layers as one 
and the thickness of each burn-in layer as 50 μm for all res-
ins. There can be more than one burn-in layer between the 
build platform and an actual structure, but we chose one to 
minimize an unnecessary increase in the overall chip thick-
ness. Finally, the heater temperature was set to 25 °C.

For the remaining variable build parameters, we con-
sidered an empirical approach to determine semi-optimal 
values from a four-dimensional parameter space (i.e., resin 
type, printing orientation, layer thickness, and layer offset). 
In the first determination step, the first parameter (i.e., resin 
type) value that ensured the best resolution among the tested 
conditions was determined while the other three parameters 
(i.e., printing orientation, layer thickness, and layer offset) 
were fixed during the second step. Then, a second param-
eter (i.e., printing orientation) value guaranteeing the best 
resolution was determined in the second determination 
step. The first parameter (i.e., resin type) was transferred 
from the first step, and the remaining two parameters (i.e., 
layer thickness and layer offset) were fixed. This step-wise 
process was repeated until the final determination step. The 
same suits were followed for the determination of surface-
treatment conditions. This optimization process may not be 
rigorous, implying a globally optimal parameter set can be 

missed [59]. However, to the best of our knowledge, this 
is the first demonstration of a quantitative and systematic 
determination of printing conditions for better optical quality 
using resolution test targets. The proposed approach of using 
resolution targets can be applied to more rigorous optimiza-
tion methods such as design of experiment (DOE) [60, 61], 
nonlinear programming [62], or machine learning [63, 64]. 
The step-wise build-parameter determination process is as 
follows.

Step 1 Three resins were used to print slide-cover 
chips: PlasCLEAR [26, 57, 65, 66], GR-10 [26, 67], and 
PR48 [7, 35, 57, 58]. These resins are popular acrylate- or 
methacrylate-based clear resins for printing microfluidic 
devices. Other initial build parameters were fixed: build 
orientation = top-up, layer thickness = 25 μm, and layer off-
set = 80 μm. These parameters were adjusted in the subse-
quent steps. The best resin was selected based on measured 
resolving power through the slide-cover chips.

Step 2 Once the resin type was determined, the build 
orientations (top-up and top-down) were compared. As 
shown in Fig. 3, the top plate of the cover chip adheres 
to the build platform during printing for the top-up ori-
entation. Conversely, the top plate adheres to the FEP vat 
window for the top-down orientation. It has been reported 
that printing orientation significantly affects surface qual-
ity and optical transmission [30, 32, 68, 69]. We tested 

(a)

(b)

Build 
direction

Build platform

 Vat 
window Build tray

Slide-cover
chip

Build plate

Resin

Slide-cover chip 
(upside-down)

Build support

Layer 
thickness

Build
direction

(c)
Build support

Top
plate

Top plate

Top plate

Overcuring

Fig. 3   Printing orientation of a slide-cover chip. a Conventional top-
up orientation. The top plate adheres to the textured build platform 
during printing, which results in a roughened surface. The build plate 
(i.e., burn-in layer) enhances bonding between the build platform and 
the structure. b Top-down orientation. The top adheres to the poly-
meric vat window during printing, which is typically scratched by a 
sliding metal bar. The ceiling of the top plate is affected by overcur-
ing, which results from bleeding of UV illumination into the uncured 
resin above. c For top-down orientation, build supports are added to 
construct an overhanging top plate to the cover-slide chip
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only the top-up and top-down orientations because it is 
not practical to build sideways (i.e., the top plate oriented 
perpendicularly to the build platform) because of a long 
build time. Furthermore, the angled orientation is known 
to generate stair-like significant surface roughness [68, 
69]. For the top-up orientation, the best chip from Step 1 
was evaluated because the printing conditions were identi-
cal. The top surface will be primarily affected via contact 
with the anodized surface of the build platform (Fig. 3a). 
A new inverted cover chip (Fig. 3b) is designed for top-
down orientation. The design for the top-down orientation 
(Fig. 3c) includes build supports of a cylindrical shape 
(1-mm diameter). Without these supports, the top plate 
bent most of the time and sometimes collapsed during 
printing, possibly due to internal stress [30, 57, 58]. The 
supports and 50-μm-thick build plate were removed after 
the build was completed. Images were captured through 
the clear regions of the top plate, where the supports did 
not adhere. The top surface was adversely affected by 
scratches and blemishes on the vat window. Furthermore, 
it was strongly affected by overcuring under the ceiling 
(Fig. 3b), which significantly affected resolution because 
overcured surfaces contacted the test target after flipped 
to fit on the target (Fig. 1) [26, 31, 57, 70].

Step 3 Layer thicknesses of 10, 25, 50, and 100 μm 
were tested with all the remaining printing parameters 
transferred from Step 2. Layer thickness is defined as the 
identical height of the slices generated from a solid CAD 
model and using slicer software (Fig. 3a). Finer slicing can 
approximate 3D curved surfaces more accurately but take 
longer to print. Considering the minimum feature size of 
the cover chip (> 400 μm), we selected these four thickness 
values for practical printing durations (7 min for 100 μm 
vs. 90 min for 10 μm layer thicknesses) and reasonable 
accuracy.

Step 4 Layer offsets of 2.5, 7.5, 12.5, and 25 μm (5%, 
15%, 25%, and 50% of the layer thickness determined from 
Step 3, see Sect. 3) were tested with all the remaining print-
ing parameters transferred from Step 3. Layer offset (cur-
ing-thickness offset or overcuring) is an additional amount 
of light exposed to the resin to prevent delamination from 
a previously photopolymerized slice [26, 32, 55, 57, 71]. 
A suitable offset is necessary for maintaining structural 
integrity and thus for achieving successful printing. How-
ever, an excessive offset will result in light bleeding, which 
will cause dimensional inaccuracy and rough surfaces in 
printed features. It has been noted that overly cured ceil-
ings (or roofs) of voids are a critical problem in microfluid-
ics because overcuring can result in a roughened surface or 
even clogging of narrow channels or cavities (say, < 100 μm 
in height) [26, 31, 57, 70]. The offset value was carefully 
optimized because a rough surface under the ceiling is a 
significant obstacle for imaging-based assays. [26, 57, 70].

2.4 � Step‑Wise Determination of Surface‑Treatment 
Conditions

The optical quality of a planar roof of a microchannel or a 
microcavity is crucial, considering that optical imaging or 
detection is common in microfluidics applications [26–28]. 
It has been reported that surface roughness and bulk vol-
ume defects influence optical quality due to light diffraction 
and scattering [28, 29]. Various sources of rough surfaces 
have been reported, including: (1) polymerization on the 
textured anodized surface of a build platform [26, 28]; (2) 
polymerization on a scratched vat window (resulting from 
continuous delamination by a metal slider) [28]; (3) pixela-
tion of photopolymerized surface [30, 31] due to a grid-like 
illumination pattern from millions of micromirrors in a DLP 
chip and uneven light intensity across a micromirror which 
acts as an aperture [32, 33]; and (4) polymerization of resins 
comprising different monomer/oligomer, crosslinker, pho-
toinitiator, and photoabsorber contents [31].

Several approaches have been adopted to improve surface 
roughness [20, 28]: (1) mechanical abrasive treatment such 
as sanding [26, 34, 35] and polishing [35, 36]; (2) chemical 
treatments to smoothen surface blemishes such as solvent-
fume polishing [37]; (3) polymer coatings [38] to cover 
surface defects using PDMS [39], polystyrene (PS) [39], 
epoxy [40], acrylic spray [41], lacquer [36], and resin fol-
lowed by photopolymerization [34]; (4) RI matching using 
oils to hide surface roughness [25, 42, 43]; and (5) printing 
on an immaculate glass or plastic slide attached to the build 
platform to reduce the polymerization effect on a textured 
surface [44]. To prove the concept of our approach, we 
opted for mechanical treatments including sanding, alumina-
slurry polishing, and RI matching, all of which are relatively 
straightforward and safe. Surface-treatment conditions were 
also determined in a similar step-wise manner.

Step 5 We sandpapered the top surface of a cover chip 
fabricated using the printing parameters determined in Step 
4. Each of the four sandpaper pads of 1000, 2000, 3000, and 
5000 grits was attached to a potter’s wheel as seen in Fig. 
S1a of SI (Supplementary Information) and used to grind a 
cover chip. DI water was added to the pad, and the chip was 
held for 5 min against the pad rotating at 60 rpm. The first 
condition was to grind with a 1000-grit pad for 5 min, and 
the images of the USAF 1951 target were captured through 
the treated chip. The second condition was to sandpaper the 
same chip using a 2000-grit pad for 5 min, and so forth. The 
sanding condition was determined by the best target resolu-
tion obtained through the treated cover chip.

Step 6 Four slide-cover chips were printed and treated 
using the best conditions in Step 5. The cover chips were 
then polished using 50-nm alumina slurry, 2.5× diluted 
(w/w) with DI water, for progressively longer  periods of 5, 
10, 15, and 20 min. The diluted slurry solution was poured 



88	 BioChip Journal (2022) 16:82–98

1 3

on a polishing-cloth pad as a small puddle (~ 15 mL), and 
a cover chip was pushed against the pad rotating at 60 rpm 
for progressively longer durations (Fig. S1b in SI). After the 
treatment, the resolution target was imaged through all four 
chips, and the polishing condition was selected based on the 
optical resolution.

Step 7 Cover chips prepared using the best condition in 
Step 6 were coated with a RI-matching film: silicone oil 
(RI n = 1.51) [42, 50], sandalwood oil (n = 1.5–1.51) [72], 
and the 3D-printing resin itself (n = 1.5–1.52, see Sect. 3.2 
[35]). Approximately 10 μL of liquid was delivered to the 
cover-chip surface using a micropipette. It spread sufficiently 
to cover the chip surface within 1–5 min, as displayed in 
Fig. S1c in SI. For the resin, the chip was cured in the UV 
oven for 25 min for photopolymerization. Resolution-target 
images were captured through the coated chips. A control 
experiment with a chip that had no coatings (the best chip 
from Step 6) was also performed.

2.5 � Design and Fabrication of a Micromixer Based 
on Cavitation Microstreaming

Cavitation microstreaming is a strong circulatory flow 
occurring around an oscillating bubble [73] and has been 
extensively employed for microfluidic mixing applica-
tions [74–77]. We attempt to demonstrate our approach 
for improving the optical quality of a 3D-printed chip by 
visualizing cavitation microstreaming inside a microfluidic 
mixer chip (Fig. 4). The micromixer chip is fabricated using 
3D-printing and surface-treatment conditions established 
through our step-wise determination process.

The micromixer chip is an update from our previous work 
[74, 77]. This new design has a central mixing chamber (16-
mm diameter and 201-μL internal volume) with cylindri-
cal air pockets of 500-μm diameter and 300-μm depth for 
capturing bubbles at five predetermined positions (Fig. 4b). 
In our previous work [74, 77], the streaming coverage from 
bubbles was confined near the chamber perimeter. There-
fore, the mixing performance was limited. In this work, 
air pockets were formed vertically (hung on the ceiling, 
inset of Fig. 4b) for better streaming coverage as long as 
the pocket is densely populated [78–81]. The chamber was 
connected to the inlet and outlet ports (2-mm diameter) 
through 6-mm-long microchannels. The footprint of the chip 
was 50 mm × 25 mm. The thickness of the chip was 2 mm, 
including the top plate (0.5 mm), cavity (1 mm), and bottom 
plate (0.5 mm). The micromixer chip was fabricated using 
the printing parameters established through the proposed 
process (Sect. 2.3). The uncured resin inside the chip was 
removed using a suction pump (BF-101, BioFree, Bucheon, 
South Korea) and dried using a nitrogen gun (Yongin Gas, 
Yongin, South Korea). Next, isopropanol wash and post-cur-
ing were performed. The outer surface of the top plate was 

treated using the determined surface-treatment conditions 
(Sect. 2.4). Finally, a lead zirconate titanate (PZT) actuator 
(7BB-15-6L0, Murata, Kyoto, Japan) was bonded to the bot-
tom of the chip at the center using a superglue (Loctite 401, 
Henkel, Dusseldorf, Germany). The piezoelectric actuator 
has dual purposes: the determination of the resonance fre-
quency and excitation of trapped air bubbles [74, 77].

2.6 � Mixing Experiment and Streamline Generation 
Using the 3D‑Printed Micromixer Chip

When a bubble is excited at its resonance frequency, it 
exhibits effective cavitation microstreaming [73]. Our group 
established a rapid and convenient method for determining 
the resonance frequency using an electromechanical imped-
ance spectroscopy (EMIS) technique [74, 77]. The technique 
was also implemented for our new 3D-printed micromixer 
chip. Briefly, the chip was filled with DI water, and the inlet/
outlet ports were sealed with Teflon tape (#AG021AD) from 
Alphaflon Teflon Specialist (Seoul, South Korea). The chip 
was then mounted in a custom jig designed to clamp the 
chip, as presented in Fig. 5a. The jig was printed using an 
FDM 3D printer (3DWOX) from Sindoh (Seoul, South 
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Fig. 4   Micromixer chip based on cavitation microstreaming. a 
The mixer chip has a central chamber with five vertically arranged 
air pockets for trapping air bubbles. A piezoelectric (PZT) actuator 
is bonded to the bottom of the chip for resonance-frequency meas-
urement and bubble excitation. b The dimensions of the key micro-
mixer features are shown. Upon excitation using the PZT actuator, an 
oscillating bubble generates a strong circulatory flow (i.e., cavitation 
microstreaming) to induce mixing inside the chamber
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Korea). The shorter edges of the chip were clamped for the 
maximum vibration. The bonded PZT actuator was con-
nected to an impedance analyzer MFIA (Zurich Instruments, 
Zurich, Switzerland). Impedance plots obtained in the fre-
quency range of 1–10 kHz enabled us to locate the resonance 
frequency (i.e., the frequency exhibiting the maximum mag-
nitude difference between the resonance and anti-resonance 
Δ|Z|, and the highest phase peak Δθ). For more details on 
the EMIS-based determination of resonance frequency, see 
Ref. [74].

For streamline imaging, the chip was mounted on a 
motorized stage (PZ-2000FT, Applied Scientific Instru-
mentation, Eugene, OR, USA) in an upright fluorescence 
microscope BX50 (Olympus) equipped with an sCMOS 
camera PCO.EDGE 5.5 (PCO, Kelheim, Germany) and 

Metamorph software (Molecular Devices, San Jose, Cali-
fornia, United States), as shown in Fig. 5b. The micromixer 
chip was filled with 25% (v/v) diluted solution of 10-μm 
fluorescence microbeads (Spherotech), and the inlet/outlet 
ports were sealed using Teflon tape. The PZT actuator was 
excited at a measured resonance frequency with a 60 Vpp 
sinusoidal signal, which is generated by a function generator 
(33210A, Keysight, Santa Rosa, California, United States) 
and a piezo amplifier (PD200, PiezoDrive, Newcastle, Aus-
tralia). Motion images were captured using a 2 × objective 
lens (Plan, Olympus) through the top plate (i.e., treated sur-
face) at 100 frames per second. Among the recorded images, 
ten frames were selected after cavitation microstreaming had 
reached a steady state. The streamlines were synthesized 
from the selected images using ImageJ and FlowTrace plug-
in. For validation of our 3D-printing and surface-treatment 
method, two types of micromixer chips were tested: a con-
trol chip, 3D-printed under an unoptimized condition (i.e., 
condition from Step 2, Sect. 2.3) and a chip 3D-printed and 
treated under an optimized condition (i.e., condition from 
Step 7, Sect. 2.4). The streamline patterns acquired for both 
chips were compared for the viability of imaging-based 
microfluidic applications.

3 � Results and Discussion

3.1 � Determination of 3D‑Printing Conditions

For the experiment in Step 1, three slide-cover chips were 
printed using three different resins: PlasCLEAR, GR-10, 
and PR48 (Fig. 6, upper panel). Resolutions determined by 
the low-resolution USAF 1951 test target through the slide-
cover chips were 143.7 lp/mm (group 7—element 2, red box) 
for PR48, whereas the resolutions for both PlasCLEAR and 
GR-10 were 80.6 lp/mm (group 6—element 3, red box).

Each resin has a different formulation of the monomer/
oligomer, photoinitiator, photoabsorber, and reactive dilu-
ent [35, 82–84]. For example, PlasCLEAR contains 7,7,9 
(or 7,9,9)-trimethyl-4,13-dioxo3,14-dioxa-5,12-diazahex-
adecane-1,16-diyl bismethacrylate and tetrahydrofurfuryl 
methacrylate [85], whereas PR48 has Sartomer SR 494 
and Allnex Ebecryl 8210 [35]. Although it is unclear, we 
speculate that different compositions may result in dissimilar 
optical properties of the photopolymerized resin in terms of 
light transmission or scattering [57]. Fluorescence images 
(lower panel) confirmed the superior resolution of PR48, a 
mediocre resolution of PlasCLEAR, and an unacceptable 
resolution of GR-10. Higher background fluorescence of the 
PR48 than that of PlasCLEAR was observed, possibly due 
to stronger autofluorescence of the resin [7, 86, 87]. Con-
sequently, the best resolving resin was PR48, and we chose 
this resin for subsequent determination steps.
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clamp a micromixer chip. The vertically arranged air pockets are 
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stage of an upright epifluorescence microscope, equipped with an 
sCMOS camera and an LED light source. The PZT actuator bonded 
to the chip is connected to a piezo amplifier and function generator 
for bubble excitation and cavitation microstreaming
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For the result of Step 2 (Fig. 7), two chips were printed 
in two different build orientations (i.e., top-up and top-
down, see Fig. 3) with the printing conditions determined 
from Step 1. For the top-down orientation, an additional 
4 × brightfield image (groups 4–5) was captured because 
resolution could not be measured with 10 × images (groups 
6–7). The resolutions of 143.7 lp/mm (groups 7—element 2) 
and 17.96 (group 4—element 2) were measured for the top-
up and top-down orientations, respectively (upper panel).

Significant overcuring (i.e., 80-μm offset for 25-μm 
layer thickness) may have created roughened polymerized 

resins overhung to the ceiling, which reduced light trans-
mission and increased scattering (Fig.  7c). Random 
microscale surface features rendered the investigation 
of standard patterns challenging, as can be seen in both 
10 × and 4 × images. Additionally, the significant scratches 
and blemishes replicated from the vat window adversely 
affected the captured images. Furthermore, it was impossi-
ble to observe fluorescent beads through the top-down-ori-
entation chip (lower panel). Taken together, the resolution 
for the top-up orientation was significantly better than that 
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Fig. 6   Comparison of brightfield (upper panels) and fluorescence 
images (lower panels) against images of a a USAF 1951 target and 
fluorescence beads, captured through cover-slide chips printed using 
three different resins b PR48, c PlasCLEAR, and d GR-10. Red boxes 

represent the resolutions determined through image analysis. Red 
arrows indicate fluorescence beads which are used to distinguish the 
image quality over the other resins. PR48 shows the best resolution 
compared to those of PlasCLEAR and GR-10
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Fig. 7   Comparison of brightfield (upper panels) and fluorescence 
images (lower panels) against images of a a USAF 1951 target and 
fluorescence beads, captured through cover-slide chips printed using 
two different build orientations: b top-up and c top-down (an addi-
tional 4× image was included because the resolution could not be 
measured with the 10× image). Red boxes represent the resolutions 

determined through image analysis. Red arrows indicate fluorescence 
beads which are used to distinguish the image quality over the other 
build orientation. The top-up orientation exhibits a superior resolu-
tion compared to that of the top-down orientation. None of the fluo-
rescent beads were recognizable for the top-down orientation
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of the top-down orientation. Therefore, this orientation 
was selected for subsequent steps.

In the experiment for Step 3, four chips with layer thick-
nesses of 10, 25, 50, and 100 μm were printed using the 
build condition transferred from Step 2. The resolutions 
were 90.5 (group 6—element 4), 143.7 (group 7—element 
2), 181.0 (group 7—element 4), and 114.0 lp/mm (group 
6—element 6), respectively (Fig. S2 in SI, upper panel). 
A layer thickness of 50 μm yielded the best resolution, 
followed by 25 μm.

The layer-thickness and layer-offset parameters chiefly 
affect the thicknesses of a sliced layer and the interface 
between sliced layers, as well as the distribution of cross-
linking density in layer bodies and interfaces [58]. These 
variations in the thickness and cross-linking density could 
cause different light transmissions. Heterogeneous refrac-
tive index (RI) [7] and varying transparency across a layer 
body and interfaces were observed in SLA-printed samples 
[32, 57, 88]. Such variations in optical properties across 
the Z direction of the top plate may have contributed to 
the difference in the optical resolutions of the cover chips 
printed with varying layer thicknesses. The image of fluo-
rescence beads for the 50 μm case was also the sharp-
est (lower panel). Therefore, a layer thickness was set to 
50 μm for subsequent steps.

For the experiment in Step 4, four chips were prepared 
with layer offsets of 2.5, 7.5, 12.5, and 25 μm (5%, 15%, 
25%, and 50% of the layer thickness of 50 μm determined 
from Step 3) while other printing parameters were trans-
ferred from Step 3. The measured resolutions were 181.0 
(group 7—element 4), 114.0 (group 6—element 6), 203.2 
(group 7—element 5), and 128.0 lp/mm (group 7—ele-
ment 1), respectively (Fig. S3 in SI, upper panel). The 
offset of 12.5 μm yielded the best resolution, followed by 
2.5 μm.

The offset is the additional light energy illuminated dur-
ing the photopolymerization of a layer to enhance adhe-
sion to the preceding layer. The increasing light energy Io 
increases the penetration depth Cd [31, 34, 57, 58, 89] and 
the overall distribution of cumulative light dosage across 
the layer bodies and interfaces [34, 57] because of sequen-
tial exposure to UV light for polymerization of the succeed-
ing layers. Therefore, the cross-linking density across the 
printed layers and interfaces and the relevant optical prop-
erties can vary in the Z direction. Such variations in the 
optical properties of the top plate may have contributed to a 
difference in the resolution of the cover chips printed with 
different offset values. Together with the layer thickness, 
the offset is a critical parameter that should be optimized, 
especially when printing overhanging structures such as the 
ceilings and covers of microfluidic channels and cavities 
[12, 26, 57, 70]. The image of fluorescence beads for the 
12.5 μm case was also the sharpest (Fig. S3 in SI, lower 

panel). Consequently, a layer offset of 12.5 μm was selected 
for the subsequent steps.

The top plate of the slide-cover chip printed using the 
conditions determined in Step 4 was thicker than the original 
design (614 μm vs. 450 μm) because the build-plate thick-
ness was larger (170 μm vs. 50 μm), possibly due to the 
long burn-in exposure time (16 s, Sect. 2.3). This means 
that the actual top-plate thickness was 444 μm, which is an 
11% increase from the design. Dimensional changes of DLP-
SLA printing depending on printing parameters have been 
well documented [26]. The thickness was measured using 
a vernier caliper (CD-P20M, Mitutoyo, Kawasaki, Japan).

3.2 � Optimization of Surface‑Treatment Condition

For Step 5 (Fig. 8), we printed four cover chips using the 
predetermined conditions in Step 4 (Sect. 3.1). We initially 
employed a 10 × objective lens (UPlanFL, Olympus) and the 
low-resolution USAF 1951 target (Thorlabs, groups 2–7). 
However, the resolution was virtually indistinguishable after 
grinding with a 1000 grit sandpaper. The identical resolu-
tion of 181.0 lp/mm was obtained for 2000–5000 grit cases. 
Thus, we switched to the high-resolution target (Graticules 
Optics, groups 2–9) and a 40 × objective lens (UPLanFL) to 
discern resolution-pattern images generated with different 
sanding conditions and subsequent surface-treatment steps 
(i.e., polishing and RI-matching coatings).

With the new target and lens, an improvement in the reso-
lution (upper panel) was observed because of the cumulative 
effect of sanding the top surface (initially marred by the 
anodized surface of the build platform [7, 26, 35]) with pro-
gressively finer sandpapers from 1000 to 5000 grits. As the 
grit number increased, the resolution pattern images turned 
crisp. The resolution through the slide-cover chip that was 
cumulatively polished using sandpapers of grits 1000, 200, 
3000, and 5000 for 5 min each was 181.0 lp/mm (group 
7—element 4), 512.0 lp/mm (group 9—element 1), 645.1 
lp/mm (group 9—element 3), and the equal 645.1 lp/mm, 
respectively. The resolution for the 1000-grit sandpaper case 
deteriorated from that of the case for non-treated case (the 
best case of Step 4, 203.2 lp/mm), possibly due to scratches 
resulting from 1000-grit sanding. It was difficult to distin-
guish the results from both 3000- and 5000-grit cases even 
with the high-resolution USAF target (upper panel). The flu-
orescence images of the microbeads were also indistinguish-
able for both cases (lower panel). Therefore, we resorted to 
the contrast value (middle panel) obtained from intensity 
plots of the highest resolution pattern (group 9—element 
3). The average contrast values, calculated using Eq. (1) for 
the horizontal and vertical patterns, increased from 6.43 to 
7.31% as the grit number increased, indicating the 5000-grit 
case had the best optical quality. Therefore, the best sanding 
condition was 5 min of consecutive polishings with all four 
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sandpapers, and this condition was employed in the subse-
quent surface-treatment steps.

The thickness of the top plate was progressively reduced 
from 614 μm (from Step 4) because of material removal 
during sanding: 576, 544, 494, and 488 μm for 1000, 2000, 
3000, and 5000 grit sandpapers, respectively. Such thick-
ness variation of a cover chip may affect optical resolution 
and contrast to some degree [90], although surface rough-
ness mainly influences optical quality due to light diffraction 
and scattering [8, 28, 29]. It is challenging to decouple this 
thickness impact on the overall optical-quality enhance-
ment from the effects of the surface-finish improvement; 
the resolution worsened when the thickness reduction was 
largest (after sanding with a 1000 grit sandpaper), although 
the contrast and resolution generally improved as the thick-
ness decreased. Further study in the future may be required 
to decouple the impacts of thickness and surface finish on 
the overall optical quality.

For the Step 6 experiment (Fig. S4 in SI), four cover chips 
were printed using the conditions determined from Step 4. 
Then the top surfaces were sanded using the condition deter-
mined from Step 5. Then, the top surfaces were polished 
using a 50-nm alumina slurry for progressively longer dura-
tions of 5, 10, 15, and 20 min. As in a previous report where 
the diamond paste was used [34, 86], a mild optical-quality 
improvement was observed due to the cumulative effect 
of alumina polishing on the top surface. As the polishing 

time increased, the resolution patterns appeared margin-
ally sharper, but it was difficult to clearly distinguish them. 
The images of the upper panel indicate that the resolution 
through the cover chips polished for 5, 10, 15, and 20 min 
was identical: 645.1 lp/mm. The sharpness of fluorescence 
microbead images was also indistinguishable even with 
increasing polishing times (lower panel). Therefore, we plot-
ted intensity and characterized contrast for each polishing 
case (middle panel). The average contrast values for the hori-
zontal and vertical patterns were 3.30, 7.69, 8.34, and 9.60% 
for the polishing time of 5, 10, 15, and 20 min, respectively. 
The best condition for the highest contrast value was 20-min 
polishing, and this condition was employed in the remaining 
surface-treatment step.

The thickness of the top plate was slightly reduced from 
488 to 458 μm throughout the cumulative polishing step. 
The thickness reduction was 6.1%, while the contrast was 
increased 31.3% (from 7.31 to 9.6%). Therefore, the impact 
of thickness reduction on contrast improvement seemed mar-
ginal, but further study may be required to decouple this 
impact on the overall optical-quality enhancement from 
the effects of surface roughness. However, the dimensional 
changes after printing [26] and thickness reduction observed 
throughout Steps 5 and 6 should be considered when design-
ing a microfluidic device (e.g., overdesign). For example, an 
extra thickness of 164 μm (i.e., the difference between the 
designed thickness and measured thickness) observed here 
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Fig. 8   Comparison of brightfield (upper panels) and fluorescence 
images (lower panels) against images of a a USAF 1951 target and 
fluorescence beads, captured through slide-cover chips treated with 
consecutive wet sanding using b 1000, c 2000, d 3000, and e 5000 
grit sandpapers for 5  min each. The images were captured using a 
40× objective lens (UPlanFL, Olympus). An additional brightfield 
image for the 1000 grit case was taken using the 10× objective lens 
because resolution could not be measured using the 40× image. Red 

boxes represent the resolutions determined through the image anal-
ysis. Red arrows indicate fluorescence beads which are used to dis-
tinguish the image quality over the other sanding conditions. Due 
to indistinguishable resolution, the intensity of horizontal (red) and 
vertical (blue) resolution patterns for the 3000- and 5000-grit cases 
was plotted, and their contrast values were measured (middle panels). 
Four consecutive sanding with increasingly higher grit sandpapers 
shows the best optical quality
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can be used as a buffer for the thickness reduction resulting 
from the surface treatment.

In the last step (Step 7), we attempted to further smoothen 
the top surface by coating with a RI-matching film: silicone 
oil (n = 1.51), sandalwood oil (n = 1.51–1.52), and PR48 
resin (n = 1.5–1.52, after polymerization). Four cover chips 
were printed with the conditions determined from Step 4, 
and then sanded and polished using the conditions obtained 
from Steps 5 and 6, respectively. Thin oil layers (silicone and 
sandalwood oils) were applied to the polished surface as a 
“liquid” film, whereas the coated PR48 resin was photopoly-
merized to form a solid film to match the RI more accurately. 
A chip was left untreated as a negative control.

The upper panel images of Fig. 9 shows randomly distrib-
uted darker spots (e.g., on the horizontal pattern of group 
8—element 1 for the resin-coating case), which may be 
stemmed from uneven distribution of coatings (i.e., thicker 
regions absorb more light). The test target images display no 
noticeable improvement in resolution compared to that of the 
control. Therefore, the intensity plots for all four cases were 
generated and analyzed. We observed a decrease in the aver-
age contrast values for all three treated cases, in the follow-
ing order: silicone oil (27.63%), sandalwood oil (19.91%), 
PR48 resin (15.89%), and the untreated control case (9.60%). 
The reason for this decrease remains unclear at the moment, 
but the silicone oil (n = 1.51) could match RI better than 
the other coatings. The fluorescence images of the micro-
beads were indistinguishable in terms of sharpness (lower 

panel). However, we noted that background fluorescence 
varied over different coatings. Sandalwood oil, extracted 
from natural sandalwood, may have more impurities that 
can yield stronger autofluorescence than the synthetic sili-
cone oil. For the PR48 resin case, an increase in the overall 
top-plate thickness (458 vs. 512 μm) after polymerization 
can absorb more light and generate more autofluorescence. 
Coating with silicone oil may help to improve the quality of 
fluorescence imaging because background fluorescence is 
the smallest compared to the other cases. Considering the 
highest contrast, the best coating material was silicone oil. 
We selected this final condition for the post-printing treat-
ment of a proof-of-concept micromixer chip.

3.3 � Summary of Step‑Wise Determination 
of 3D‑Printing and Surface‑Treatment 
Conditions

The step-wise determination of the build (Sect. 3.1) and 
surface-treatment conditions (Sect. 3.2) is summarized 
in Table 1. The boldfaced items indicate the established 
parameter value and the corresponding resolution for each 
step. As described in Experimental Section, the initial 
build parameters for Step 1 were a light intensity of 30 
mW/cm2, a layer thickness of 25 μm, and a layer offset 
of 80 μm for all resins. The exposure times were 6.3 s for 
PlasCLEAR, 0.305 s for GR-10, and 2.0 s for PR48. The 
number of burn-in layers (build plates) was one, and the 
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Fig. 9   Comparison of brightfield (upper panels) and fluorescence 
images (lower panels) against images of a a USAF 1951 target and 
fluorescence beads, captured through slide-cover chips using differ-
ent coatings of b silicone oil, c sandalwood oil, d PR48 resin, and 
e untreated (control). Red boxes represent the resolutions determined 
through the image analysis. Red arrows indicate fluorescence beads 
which are used to distinguish the image quality over the other coating 

conditions. Resolution cannot be distinguished from the brightfield 
images. For contrast comparison, intensity values for horizontal (red) 
and vertical (blue) resolution patterns are plotted for each coating 
case (middle panels). The silicone oil case (control) yields the best 
optical quality based on the average contrast value for the horizontal 
and vertical patterns
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thickness was 50 μm for all resins. The burn-in exposure 
time was 17.3 s for PlasCLEAR, 0.8 s for GR-10, and 
16 s for PR48. The heater temperature was set to 25 °C, 
and the build orientation was top-up. The printing param-
eters determined from Step 1 were transferred to Step 2 
including the selected resin type (i.e., PR48). The printing 
parameters for Step 2 were carried over to Step 3 including 
build orientation (top-up). The updated build parameters, 
including a layer thickness of 50 μm were passed on to 
Step 4. This type of parameter carryover was repeated until 
the last step (Step 7).

Our parameter-determination process may not be globally 
optimal. However, a global search would be significantly 
time-consuming in seven-dimensional parameter space. In 
this communication, we successfully pioneered an experi-
mental, systematic, and quantitative approach to determine 
the 3D-printing and surface-treatment conditions using 
USAF 1951 resolution test targets, adapted from optics and 
optical engineering [46–49]. We achieved a drastic increase 
in the resolution from 80.6 to 645.1 lp/mm (i.e., the line 
width of the standard pattern from 6.2 to 0.78 μm) through 
the proposed determination process. The final 3D-printing 
and surface-treatment conditions were as follows: (1) PR48 
resin, (2) top-up build orientation, (3) layer thickness of 
50 μm, (4) layer offset of 12.5 μm, (5) four consecutive sand-
ings using 1000, 2000, 3000, and 5000 grit sandpapers for 
5 min each, (6) 20 min polishing with alumina slurry, and 
(7) silicone-oil coating. This fabrication and post-printing 
treatment were successfully employed to prepare our micro-
mixer chip.

3.4 � Cavitation Microstreaming and Streamline 
Visualization for Micromixing Applications

We manufactured two micromixer chips to validate our 
approach: one printed with an under-optimized condition 
(i.e., condition from Step 2) and the other with semi-opti-
mized condition (i.e., condition from Step 7). It is critical 
to 3D-print mixer chips in the top-up orientation because 
overcured surfaces under the ceiling significantly interfere 
with optical imaging through the top plate using an upright 
microscope. The build orientation should be reversed, 
and the bottom surface should be treated when imaging 
through the bottom plate using an inverted microscope. 
The overall chip microfabrication time was 45 min for the 
under-optimized case (no surface treatment) and 121 min 
for the semi-optimized case (including times for sandpa-
pering, alumina polishing, cleaning of sanding and polish-
ing residues, and coating of silicone oil). The durations for 
both cases include 3D printing, removing from the vat, 
clearing the mixing chamber and microchannels using iso-
propanol inside an ultrasonic bath, and UV curing.

The resonance frequencies of these chips, meas-
ured individually using our EMIS method, were 5.0 and 
5.3 kHz, respectively [74, 77]. After injecting diluted flu-
orescent-bead solutions, two chips were excited at these 
predetermined frequencies. We observed a strong bending 
mode vibration in each agitated chip, which is essentially 
a mechanical structure similar to a thin edge-supported 
beam [74, 77].

Table 1   Summary of step-wise determination of 3D-printing and surface-treatment conditions

Boldfaced items indicate the determined parameter value and the corresponding resolution for each determination step

Sample #1 Sample #2 Sample #3 Sample #4

1. Resin type (Fig. 6) Parameter GR-10 (Pro3dure) PlasCLEAR (Asiga) PR48 (Autodesk)
Resolution (lp/mm) 80.6 80.6 143.7

2. Build orientation (Fig. 7) Parameter Top-up Top-down
Resolution (lp/mm) 143.7 90.5

3. Layer thickness (Fig. S2 in SI) Parameter 10μm 25μm 50�� 100μm

Resolution (lp/mm) 90.5 143.7 1813 114.0
4. Layer offset (Fig. S3 in SI) Parameter 2.5μm 7.5μm 12.5�� 25μm

Resolution (lp/mm) 181.0 114.0 203.2 128.0
5. Sanding (Fig. 8) Parameter 1000 grit 2000 grit 3000 grit 5000 grit

Resolution (lp/mm) 181.0 228.1 228.1 228.1
Contrast (%) 6.43 7.31

6. Alumina polishing (Fig. S4 in SI) Parameter 5 min 10 min 15 min 20 min
Resolution (lp/mm) 228.1 228.1 228.1 228.1
Contrast (%) 3.30 7.69 8.34 9.60

7. Refractive-index (RI) matching (Fig. 9) Parameter Silicone  oil Sandalwood oil Resin coating No treatment
Resolution (lp/mm) 228.1 228.1 228.1 228.1
Contrast (%) 27.63 19.91 15.89 9.60
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As shown in Fig. 10a, it was extremely difficult to visual-
ize cavitation microstreaming from the oscillating bubble 
trapped in the central air pocket of the under-optimized chip 
because the streamlines were obscured by random fluores-
cence patterns (possibly stemming from the rough top sur-
face). A hint of bead movement was observed in the video 
clip synthesized using acquired image frames (see Supple-
mentary Materials, Video Clip #1). For the semi-optimized 
chip (Fig. 10b), we clearly observed streamlines that ema-
nated from the vibrating bubble as circulatory flow fields 
(see Supplementary Materials, Video Clip #2). The flow 
visualization of the cavitation microstreaming phenomena is 
critical for determining operating conditions of micromixers 
that rely on oscillating bubbles because longer and broader 
streamlines yield better mixing [74, 77].

This result confirms a significant improvement in the 
optical quality of the microfluidic device prepared using 
our proposed approach. Many previous micromixers 
based on cavitation microstreaming were fabricated using 

time-consuming multilayer PDMS bonding, which requires 
cleanroom or foundry service for master-mold fabrication 
(takes up to a few days, including master-mold manufac-
turing and chip fabrication) [78, 81, 91, 92]. Some clean-
room-free techniques such as CO2-laser cutting [74, 77] or 
machining (e.g., micro milling) of PMMA or polycarbonate 
[79, 93], followed by multilayer bonding, could require a 
shorter time compared to our approach. This is because sur-
face treatment is not required (clean top or bottom surfaces), 
and the chip can be directly fabricated from a CAD design 
similarly with 3D printing. However, the feature resolution is 
considerably worse for laser cutting (~ 200 μm vs. ~ 27 μm) 
[74, 77], and the initial tooling/setting-up time and cost are 
high for machining [8, 94]. The manual bonding of multiple 
layers can also lower the fabrication yield (i.e., the rate of 
successful fabrications without leakage) and can cause sig-
nificant manufacturing variability [6, 8, 12, 26]. In contrast, 
our 3D-printing process transforms a CAD design into a 
complete, operational chip in 121 min at an adequate fabri-
cation accuracy (nominal XY resolution of ~ 27 μm and Z res-
olution of ~ 1 μm) after minor surface treatments. Although 
not demonstrated in this work, interfacing with a 3D-printed 
microfluidic chip is more standardized, straightforward, and 
secure than those of laser cut or machined microfluidic chips 
[3, 6, 8, 11–13]. Taken together, our approach of reliable and 
rapid 3D printing and surface treatment presented in this 
communication can accelerate the research, development, 
and production of microfluidic chips with optical imaging 
or detection applications for academia or start-ups.

4 � Conclusion

The DLP-SLA 3D printing has been recently under the spot-
light in the microfluidics community because of (1) direct 
manufacturing of a microfluidic chip from a digital CAD 
design, (2) rapid iteration of chip design and fabrication, (3) 
relatively high printing resolution, (4) cleanroom-free fabri-
cation, (5) affordable instrument/manufacturing costs, and 
(6) polymer materials similar to those used in mass produc-
tion (e.g., injection molding). However, there is still room 
for improvement in DLP-SLA printing, including biocom-
patibility, multi-material-printing capability, and manufac-
turability of a long, narrow, complicated microfluidic net-
work. More importantly, optical quality is one of the critical 
limitations that must be addressed for DLP-SLA printing to 
be used routinely because optical detection and/or observa-
tion are common for microfluidic devices.

We opted for relatively straightforward sanding, alumina 
polishing, and RI matching to improve optical quality, instead 
of relying on time-consuming, empirical, and often unsafe 
approaches including solvent-fume polishing, various coatings 
(PDMS, PS, epoxy, acrylic spray, and lacquer), and printing 

1 mm

Air pocket

Microstreaming patterns

1 mm

Air pocket

Obscured microstreaming patterns

(a)

(b)

Visualization
area

Microchamber

Air pocket

Fig. 10   Streamlines generated from high-speed motion images of an 
oscillating bubble captured inside a central air pocket of the micro-
mixer chip (visualization area). a The under-optimized chip was 
prepared using the 3D-printing condition determined from Step 2. 
Microstreaming patterns were obscured by the top plate of unaccep-
table optical quality (see Supplementary Materials, Video Clip #1). 
b The semi-optimized chip was prepared using the 3D-printing and 
surface-treatment conditions determined from Step 7. Microstreaming 
patterns were clearly observed through the micromixer chip (see Sup-
plementary Materials, Video Clip #2)
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on a glass/plastic slide. A key contribution of our work is the 
methodological and quantitative determination of 3D-printing 
and surface-treatment conditions performed using a resolu-
tion measurement technique based on the USAF 1951 resolu-
tion target, which is a well-proven tool in optics and optical 
engineering fields. By step-wise determination of printing and 
surface-treatment conditions (i.e., resin type, build orientation, 
layer thickness, layer offset, sandpaper grit number, alumina 
polishing duration, and RI-matching coating types), we were 
able to significantly improve the resolution of the slide-cover 
chip from 80.6 to 645.1 lp/mm (i.e., the line width of the stand-
ard pattern from 6.2 to 0.78 μm), and the contrast from 3.30 to 
27.63% for 645.1 lp/mm resolution.

Our fabrication approach was successfully validated using 
a working microfluidic device, which is a micromixer based 
on cavitation microstreaming. In the control experiment, 
cavitation microstreaming could not be observed because 
of the unacceptable optical quality of the top plate, indi-
cating an obvious limitation of unoptimized 3D printing. 
However, streamlines emanating from an oscillating bubble 
were clearly observed through the microfluidic chip prepared 
using semi-optimized printing and surface-treatment condi-
tions. The visualization of streaming patterns is essential for 
designing air pockets and determining the operating condi-
tions of the cavitation-microstreaming mixer. The overall 
fabrication time from a CAD design to a complete chip was 
only 2 h, including all post-printing processes.

Our results indicate that a relatively rapid design iteration 
of microfluidic devices is possible using a systematically, 
optically, quantitatively optimized DLP-SLA 3D-printing 
and surface-treatment method. We are currently improving 
our approach using higher magnification optics and design-
of-experiment (DOE) in the direction of reducing fabrication 
time while improving optical quality. The fabrication of a 
3D-printed DNA-extraction and detection device, a continu-
ation of our previous work [77], is also underway.
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