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Abstract
Mask image projection-based vat photopolymerization (MIP-VPP) offers advantages like low
cost, high resolution, and a wide material range, making it popular in industry and education.
Recently, MIP-VPP employing liquid crystal displays (LCDs) has gained traction, increasingly
replacing digital micromirror devices, particularly among hobbyists and in educational settings,
and is now beginning to be used in industrial environments. However, LCD-based MIP-VPP
suffers from pronounced pixelated aliasing arising from LCD’s discrete image pixels and its
direct-contact configuration in MIP-VPP machines, leading to rough surfaces on the 3D-printed
parts. Here, we propose a vibration-assisted MIP-VPP method that utilizes a microscale
vibration to uniformize the light intensity distribution of the LCD-based mask image on VPP’s
building platform. By maintaining the same fabrication speed, our technique generates a
smoother, non-pixelated mask image, reducing the roughness on flat surfaces and boundary
segments of 3D-printed parts. Through light intensity modeling and simulation, we derived an
optimal vibration pattern for LCD mask images, subsequently validated by experiments. We
assessed the surface texture, boundary integrity, and dimensional accuracy of components
produced using the vibration-assisted approach. The notably smoother surfaces and improved
boundary roughness enhance the printing quality of MIP-VPP, enabling its promising
applications in sectors like the production of 3D-printed optical devices and others.
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1. Introduction

Additive manufacturing (AM) offers a revolutionary fabrica-
tion approach for rapidly converting computer-aided design
(CAD) models into solid parts [1], allowing for swift in-situ
prototyping and mass product customization [2]. Among the
many AM processes, mask image projection-based vat pho-
topolymerization (MIP-VPP) is increasingly used in indus-
tries such as dental, biomedical, and consumer devices, to
name a few, due to its ability for high-speed [3, 4], large-
scale [5–7], and high-resolution [8–11] fabrication using digit-
ally patterned ultra-violet (UV) radiation to initiate local-
ized photopolymerization and transform liquid resin into solid
products. The versatility of this approach significantly extends
the application range of MIP-VPP, moving beyond structural
prototyping to various functional product manufacturing, such
as microfluidic devices, micro-robotics, optics, and sensors,
among others [8, 9, 12–17].

A notable difficulty of MIP-VPP processes is the pres-
ence of rough surfaces [18], primarily originating from two
aspects: layer stepping and pixelated aliasing [19]. Layer step-
ping arises when a set of 2.5-dimensional layers is employed
to approximate a three-dimensional (3D) model, resulting in a
‘staircase’ effect on the surface in the Z-direction [20]. On the
other hand, pixelated aliasing originates from the mask image
device, where pixel dimensions and shapes inherently limit
the contour’s smoothness [21]. Especially for the liquid crys-
tal display (LCD)-based MIP-VPP process, the mask images
consist of an array of LCD elements with characteristic sizes
between 10 µm–100 µm, with 50 µm elements typically used
[22]. The sliced layers from CAD models are represented by
a mask image defined by the LCD elements, whose resolu-
tion is limited to its pixel size, as shown in figures 1(a)–(c).
Consequently, the pixelation of mask images causes an ali-
asing effect, leading to rough contours on the printed parts, as
shown in figures 1(d) and (e). Furthermore, LCDmask images
have ‘dark zones’—areas where the light intensity between
two adjacent pixels is less intense than at the pixel centers,
as shown in figure 1(c). The diminished light intensity within
these ‘dark zones’ is inadequate for curing the liquid resin,
resulting in rough surfaces on the XY plane, as illustrated in
figure 1(f).

Extensive research has been conducted to reduce layer step-
ping and pixelated aliasing in MIP-VPP printed products,
mainly for a digital light processing (DLP) system consisting
of a digital micromirror device (DMD) and an optical system.
The common strategy to address layer stepping is to reduce
layer thickness during printing. Techniques that have been
developed include continuous liquid interface production, a

zooming-focusedMIP-VPP, and adaptive slicingMIP-VPP [3,
8, 23]. All of these operate based on this principle. Several
post-processing methods have also been proposed and imple-
mented, such as applying various coatings or post-machining
processes to smooth out the layer-induced roughness [24–
26]. Limited methods exist to reduce pixelated aliasing in the
LCD-based MIP-VPP. Traditional techniques, such as gray-
scale mask images and pixel blending [26–28], have been
developed to diminish pixelated aliasing in the DMD-based
MIP-VPP. However, these cannot be used in LCD-based MIP-
VPP because the LCD is in direct contact with the build-
ing platform through a thin fluorinated ethylene propylene
film. Hence, no optical system can be added between them
to adjust the focus of the LCD mask image. Most commercial
LCD-based 3D printers, such as AnyCubic™, Elegoo™, and
Creality™, use this direct contact configuration. The lack of
pixel blending between neighboring pixels in such LCD-based
MIP-VPP systems presents a significant challenge, motivat-
ing us to develop a new approach to address their inherited
pixelated aliasing defects. There have been only a few attempts
to reduce ‘dark zone’ aliasing in the LCD-based MIP-VPP
systems. For instance, a defocusing MIP-VPP has been pro-
posed to reduce ‘dark zone’ aliasing by increasing the gap
between the LCD and the printing surface [19]. However, this
solution potentially compromises dimensional accuracy and
resolution. Another approach uses oscillation-assisted DLP to
equalize the DMD’s light intensity for optical printing [15].
The approach is inspiring, but its use for engineering applica-
tions beyond optical lenses is unclear. A general method that
can comprehensively reduce boundary segments and ‘dark
zone’ aliasing without compromising dimensional accuracy
and resolution is desired for the LCD-basedMIP-VPP process.

Here, we report a vibration-assisted MIP-VPP process
for the LCD-based configuration to reduce pixelated ali-
asing effects while maintaining good dimensional accuracy.
In vibration-assisted MIP-VPP, the exposure of a stationary
mask image is replaced by one that is vibrated in the X and Y
directions. A low-frequency vibration (2–3 Hz) with sub-pixel
amplitudes (10–50 µm) is added to the LCD mask images
to achieve uniform light intensity. The vibration pattern and
amplitude of the LCD panel are designed by a computation-
ally modeled light intensity distribution of mask images. The
3D-printed test cases show a 6-fold improvement in bound-
ary segment roughness (from 6.5 µm to 1.1 µm) and a 3.5-
fold improvement in surface roughness (from 0.237 µm to
0.067 µm). The dimensional error of the vibration-assisted
MIP-VPP is controlled within a single pixel’s size. Finally, we
demonstrate test cases with an excellent optical resolving cap-
ability suitable for potential 3D-printed optics.
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Figure 1. Rough surface of the parts printed by LCD-based MIP-VPP due to the pixelated aliasing. (a) The mask image used to print a
cylinder test case, scale bar: 2 mm; (b) the contour aliasing on the edge of the mask images, scale bar: 250 µm; (c) the ‘dark zone’ aliasing
in the gap between two pixels, scale bar: 250 µm; (d) the printed cylinder test case, scale bar: 2 mm; (e) the rough contour of the printed
cylinder test case due to contour aliasing, scale bar: 250 µm; and (f) rough surface of the printed cylinder test case due to the ‘dark zone’
aliasing, scale bar: 250 µm.

2. Experimental section

This section describes the materials, equipment, and methods
employed in our study to implement, investigate, and evaluate
the vibration-assisted MIP-VPP process.

2.1. Vat photopolymerization material

A commercial photocurable polymer, AnyCubic Clear resin
(AnyCubic™, Shenzhen, China), was used in the experiments.
The resin was chosen due to its transparency, so we can easily
observe the surface roughness. The curing time of the selected
resin is ∼6 s for the tested printer, and the curing wavelength
is 405 nm.

2.2. Piezo vibration actuator

An in-house developed vibration-assisted MIP-VPP apparatus
was used in this study. The parameters of themain components
used in the apparatus are listed as follows.

Piezo actuator: the piezo actuators used for the XY vibration
of the LCD screen are two Piezo actuators (PC4QQ, 18.0 µm
Max Displacement, size 6.5 mm × 6.5 mm × 18.0 mm).
The resonant frequency is 65 kHz, and the maximum load
at maximum displacement is 400 N. The recommended drive
voltage limit is 150 V. The piezo actuators were driven by two
voltage drivers (Piezo Master, MODEL VP7206) controlled
by a microcontroller (Arduino Due). The schema plot and

the practical photo of the piezo actuator and its controller are
shown in figure S1.

Vibration amplifier: to enlarge the maximum displacement
of the piezo actuator, a pair of two-stage mechanical ampli-
fication structures was utilized as vibration amplifiers. These
amplifiers can achieve 5× magnification of the displacement
of the piezo actuator, ensuring adequate range and precision
for the mask image vibration. The CAD design and the prac-
tical assembly of the piezo amplifier are illustrated in figure
S2. The CAD design demonstrates that the deformation of
the piezo actuators acts on a flexible-hinged, diamond-shaped
mechanical amplifier, which in turn pushes the center plate in
the target direction. The physical assembly shows two amp-
lifiers stacked together and connected by the center plate to
facilitate shifting movement in both X and Y directions. The
bottom amplifier is fixed on the optical table, while the top
amplifier is attached to the LCD mount.

The resolution of the piezo actuator after amplification
was investigated. The displacement corresponding to voltage
was measured using a series of images of the piezo stage
taken under 386× magnification by a SOL 161 optical micro-
scope (MicroVu, Windsor, CA). The image resolution was
680 × 480. The analog output of the DAC pin ranged from
0.53 V to 2.75 V, translating to input voltages of the piezo
actuator from 31.53 V to 165 V. Initially, input voltages ran-
ging from 31.53 V to 138.30 V were applied sequentially to
expand the piezo actuator. Subsequently, input voltages from
138.30 V to 31.53 V were used to shrink the piezo actuator.
The platform’s position corresponding to each input voltage
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Table 1. Slicing and printing parameters.

CAD model Layer thickness (µm) Pixel size (µm) Exposure time (s) Layer numbers

9 mm cylinder 50 50 5 60
Isosceles right triangle 50 50 5 60
Transparent disc 50 50 5 40

was captured by the optical microscope under 386×magnific-
ation and measured through image processing. The displace-
ment of the piezo actuator in the XY direction is presented in
tables S1 and S2. By controlling the input voltage, a 5 µm
resolution of the displacement of the piezo linear stage was
achieved, demonstrating the accuracy of themask image vibra-
tion control.

LCD: the LCD screen used for the photomask is an Elegoo™

Mars 2pro 5.5 inches LCD monochrome screen (Sharp04
SX04 2K LCD). The resolution of the LCD is 1440 × 2560
with a pixel size of 50 µm. The LCD screen is mounted on
piezo actuators, which can shift the screen in both X and
Y directions based on input voltages. The controlled mask
image-shifting process is illustrated in figure S3. Figure S3(a)
presents a schematic diagram of the piezo actuator control
mechanism using voltage signals. Two square waves were
employed to manage mask image shifting in the X and Y dir-
ections independently. Figures S3(b) and (c) demonstrate the
actual mask image-shifting in the X and Y directions, respect-
ively, as the voltage varies from 31.5 V to 138.3 V. The cam-
era remains stationary during the mask image-shifting pro-
cess. The measured distance of relative mask image shifting
matches the travel distance of the piezo actuator.

Other hardware: the experimental hardware setup is depic-
ted in figure S4. It consists of a vertically-oriented linear
stage (Motorized XSlide™ XN150 Series—Lead Screw) with
a straight-line accuracy of 0.003”/10” (0.076 mm per 250 mm)
and repeatability of 0.000 1 inch (0.002 54 mm). An Elegoo
Mars Pro 2 resin tank was mounted on a fixed optical table. An
Arduino Due microcontroller was employed to coordinate the
motion of the linear stage, the projection of mask images, and
the vibration of the piezo stages. A 405 nm UV light-emitting
diode (LED) module (UV_A MODULE 6565S) with collim-
ator lenses was used to generate a uniform UV light source
for the LCD screen. Besides, a touchscreen control panel was
incorporated into the setup for commanding the experimental
process. Additionally, a 350 W and 12 V power supply was
used to provide power to the whole system.

2.3. Test case design and printing

Surface roughness test case: a cylinder test case whose dia-
meter is 9 mm and height is 3 mm was printed to study the
effect of the vibration on surface roughness. The CAD model
of the test case was drawn using SolidWorks™. A commer-
cial slicing software, Chitubox, was used to generate the mask
images and the G-codes for the LCD-based 3D printer. The
parameter settings of the slicing and printing are shown in

Table 2. Parameter setting of the CCD camera.

CCD camera parameters Set value

Brightness 0
Contrast 32
Hue 0
Saturation 64
Sharpness 3
White balance 4 600
Backlight compensation 1
Exposure −7

table 1. After printing, the 3D-printed samples were cleared
in 99.5% IPA for 5 min, followed by pressured airflow clean-
ing for 10 s.

Boundary segments aliasing test case: an isosceles right tri-
angle test case whose length is 1 mm was printed to study the
effect of vibration on boundary segments aliasing. The same
CAD and slicing software and cleaning process were used.
The grayscale mask image was generated by Chitubox with its
anti-aliasing setting. The grayscale values of the pixels were
calculated based on geometric heuristics [27].

Dimensional accuracy test case: both the isosceles right tri-
angle and circle test cases with reduced lengths or diameters
(at 2 000 µm, 1 000 µm, 500 µm, and 200 µm) were prin-
ted. The same CAD and slicing software and cleaning process
were used.

Resolving capability test case: a test case of a circular disc
whose diameter is 9 mm and thickness is 2 mm was printed.
The sameCAD and slicing software and cleaning process were
used.

2.4. Light intensity measurement

The light intensity of the LCD pixels was measured by a
charge-couple device (CCD) camera (pluggable USB Digital
Microscope, Pluggable technology, US). The camera resolu-
tion is 1600 × 900. The CCD camera was controlled by a
Digital Viewer, the settings of which are shown in table 2.
The captured images were converted to grayscale images by
ImageJ to measure the brightness of each pixel.

2.5. Surface roughness characterization

The surface roughness of printed samples was evaluated
by a profilometer, SURFTEST SJ-410 (Mituyo Corporation,
Japan). The sample length was 0.5mm. The boundary segment
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aliasing was calculated based on microscope images captured
by a Keyence microscope. The resolution of the image was
0.77 µm pixel−1.

2.6. Resolving capability characterization

The resolving capability of printed samples was evaluated
using optical microscopy images captured by the Micro-Vu
Sol system at a magnification rate of 64×. The resolving cap-
ability was characterized by calculating the modulation trans-
fer function (MTF) from the images of a USAF 1951 resolu-
tion target.

3. Results

3.1. Light intensity distribution of LCD mask image

The ‘dark zone’ on the LCD mask images accounts for the
rough surface in the XY plane. We first analyzed the light
intensity of the LCD mask image on the VPP’s building plat-
form. We quantified the ‘dark zone’ on the mask image by
examining the light intensity variation. We studied the rela-
tionship between the ‘dark zone’ and the light intensity dis-
tribution of a single LCD pixel. A CCD camera measures the
relative light intensity maps of the whole LCD mask image.
The resulting two-dimensional brightness maps are normal-
ized to represent the relative light intensity in the XY plane,
where 100% represents the maximum (255) brightness of the
captured image.

Light intensity significantly drops between two adjacent
pixels in both X and Y directions and by various amounts.
Figure 2(a) shows that the light intensity in the X direction
exhibits a maximum 17% intensity drop at the ‘dark zone’.
Figure 2(b) presents that the convoluted light intensity in the Y
direction exhibits a maximum 55% intensity drop at the ‘dark
zone’. The LCD screen used in MIP-VPP causes this light
intensity variation (figure S9). Besides, the span of the ‘dark
zone’ region in the X direction, which is characterized by the
region with light intensity lower than 95% of the maximum,
is 13 µm. In comparison, the span of the ‘dark zone’ region in
the Y direction is 24 µm. Since the photopolymerization res-
ult is determined by the accumulated UV dosage, governed

by the Jacobi equation: Cd = δln
(
Td
Tc

)
[29], the decrease of

light intensity in the ‘dark zone’ leads to insufficient curing
between adjacent pixels. The ‘dark zone’ in the light intens-
ity map is consistent with the surface texture observed in the
printed sample in figure 1(f), confirming the influence of light
intensity variation on surface roughness.

To study the cause of the ‘dark zone’, we measured the
relative light intensity of individual pixels on the LCD mask
image using the same method. As shown in figure 2(c), the
relative light intensity of a single pixel has an ellipse foot-
print, revealing an anisotropic light intensity distribution in the
X and Y directions. Figure 2(d) illustrates the light intensity
distribution in the X direction. Here, we regard the variation
of light intensity smaller than 95% of the maximum as the
stable light intensity, primarily attributed to the curing of the

resin. The region of stable light intensity spans xP = 35µm in
the X direction, and the light intensity quickly drops below
the curing threshold outside the stable region. Figure 2(e)
presents the light intensity distribution in the Y direction,
where the region of stable light intensitymeasures yP = 25µm.
Figure 2(f) shows the 3D light intensity distribution of a single
pixel, which is close to an elliptical super-Gaussian distribu-
tion. Since LCD pixels are assembled in δp = 50µm interval,
the span of ‘dark zone’ region for a single pixel is δp − xP =
15µm in the X direction, and δp − yP = 25µm in the Y direc-
tion. This result is close to the span of the ‘dark zone’ in the
whole mask image. A slightly larger span of the ‘dark zone’ in
the single pixel light intensity distribution is because it lacks
supporting light from adjacent pixels.

An elliptical super-Gaussian model is used to describe the
light intensity distribution of each pixel. Relative light intens-
ity sampled from figure 2(c) is used to fit the super-Gaussian
model:

I= exp

(
−

(
(x− x0)

2

2σx2
+

(y− y0)
2

2σy2

)p)
. (1)

The sample points of the measured light intensity are
shown in table S3. The fitted elliptical super-Gaussian model
is shown in table S4. Both the standard deviation and the
p-value verify the fidelity of the super-Gaussian model. We
compared the super-Gaussian model with the practical light
intensity distribution in figure S11, demonstrating the simu-
lation model’s good fidelity. Figure 2(g) visualizes the ellipt-
ical super-Gaussian model of the light intensity distribution.
Accordingly, the convoluted light intensity distribution of an
LCD mask image can be simulated from the super-Gaussian
model. For example, the convoluted light intensity distribution
of a 5 × 5 pixels array is simulated and shown in figure 2(h).
It can be found that the span of the light intensity model is
smaller than the period of LCD pixels, leading to ‘dark zone’
regions in the XY plane.

An essential issue in an LCD-basedMIP-VPP system is the
relative light intensity of the LCDmask images is a convoluted
light intensity of all the single pixels; however, the nonuniform
light intensity in the LCD’s individual pixels contributes to the
‘dark zone’ aliasing on the photocuring surface. Minimizing
the ‘dark zone’ regions is vital to reduce the printed parts’ sur-
face roughness. Instead of increasing the gap between the LCD
and printing surface to reduce ‘dark zone’ aliasing [19], we
propose a vibration-assisted MIP-VPP process for the LCD-
based systems.

3.2. Schema of vibration-assisted MIP-VPP

Guided by the LCD light intensity simulation, a vibration-
assisted MIP-VPP system is presented to generate a more uni-
form light intensity of an LCD mask image and eliminate
pixelated aliasing. From the previous work for the DMD-based
MIP-VPP systems [28, 30], we observed that a mask image’s
shape and light intensity can be tuned by dividing the one-
shot UV exposure into multiple exposures, each with a slight
shift in the XY directions. Inspired by this, we deduced the
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Figure 2. The relative light intensity of an LCD mask image. (a) The relative light intensity map of the LCD mask image in the X direction;
(b) the relative light intensity map of the LCD mask image in the Y direction; (c) the top view of the relative light intensity distribution of a
single pixel; (d) the relative light intensity distribution of a single pixel in the X direction; (e) the relative light intensity distribution of a
single pixel in the Y direction; (f) the 3D view of the relative light intensity distribution of a single pixel; (g) the simulation of a single-pixel
light intensity by the elliptical super-Gaussian model; and (h) the simulation of the light intensity of a 5 × 5 LCD array by the elliptical
super-Gaussian model.

light intensity nonuniformity of LCD pixels can be mitigated
by replacing the exposure of a stationary mask image with the
exposure of a vibratingmask image, under precisely controlled
moving steps and amplitudes over time.

The schema of the vibration-assisted MIP-VPP process is
illustrated in figure 3(a). In the vibration-assisted MIP-VPP
process, the LCD photomask vibrates between designated pos-
itions, which are referred to as steps. The mask image on the
LCD screen remains unchanged while printing the same layer.
The general vibration pattern of the LCDmask images is para-
meterized, as shown in figure 3(b). The vibration pattern of the
mask images is noted as a × b steps, where a and b are the
number of the steps in the X and Y directions, respectively.
In total, the mask image will travel through a × b positions
in one-layer printing. The convoluted light intensity without
vibration is denoted as a 1-step vibration, and an n-step vibra-
tion divides the one-layer exposure into n sub-exposures. Each
sub-exposure takes an equal amount of time, and the sum of

all the sub-exposure times remains the same as the original
exposure time. For example, if the curing time of a resin is
6 s and a 16-step vibration is used, the sub-exposure time at
each step is 0.375 s. The moving time of the piezo actuator is
negligible due to its fast response time (<1 ms) of the piezo
actuator compared to the applied vibration interval (>100 ms)
[31, 32]. Consequently, the equivalent light intensity of each
sub-exposure is 1/n of the entire exposure. The travel distance
between two consecutive steps is determined by dividing the
pixel size by the number of vibration steps in the X and Y dir-
ections. The mask image is shifted sequentially to positions 1,
2, 3, …, and up to a× b. After reaching the a× b position, the
mask image returns to position 1 for the next layer, creating
a cyclical vibration pattern. Figure 3(c) presents an example
of a potential vibration pattern, where the LCD panel is shif-
ted to six different positions, dividing one LCD pixel into six
sections. This parameterization allows for precise control of
the vibration pattern, optimizing surface quality by adjusting
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Figure 3. The schema of the vibration-assisted MIP-VPP process using LCD. (a) The hardware configuration of the vibration-assisted
MIP-VPP apparatus; (b) the general pattern of a × b mask image vibration, a and b are the numbers of steps in row and column,
respectively; (c) an example of a 2 × 3 steps mask image vibration; and (d) the microscale shifting of the LCD mask image actuated by a
piezo actuator, scale bar: 250 µm.

the number of vibration steps and the travel distance in both X
and Y directions

We implemented the vibration-assisted MIP-VPP using an
in-house-built XY piezo actuator, a commercial LCD screen,
a UV LED light source, and a Z linear stage. The UV light
emitted from the LED light source is modulated by the LCD
photomask, selectively curing the liquid resin on the building
platform. The primary hardware adaptation for the vibration-
assisted MIP-VPP system involves mounting the LCD photo-
mask on an XY piezo actuator, which enables a high-resolution
(5 µm) vibration of mask images in both X and Y directions.
Figure 3(d) shows one-pixel distance (50 µm) mask image
shifting enabled by a Y-direction piezo actuator. The resin
tank, the building platform, the LEDUV light source, and the Z
stage are fixed to the optical table and isolated from the vibra-
tion. A microcontroller synchronizes the Z stage’s motion, the
mask images’ exposure, and the LCD photomasks’ vibration.

We investigated these essential parameters by simulating
the convoluted light intensity of the vibration-assisted LCD
mask image using the light intensity of a single pixel to optim-
ize the light uniformity. Figure 2(f) reveals an anisotropic light
intensity distribution for a single pixel in the LCD photomask.
Given the orthogonality of the X and Y vibrations, their effects

on light intensity are independent. We separately examined
these directions to understand mask image vibration’s impact
on ‘dark zone’ aliasing.

Figure 4 illustrates the simulation of the convoluted light
intensity in the X direction. Convoluted light intensities of
one, two, three, and four steps represent the vibration patterns
1 × 1, 2 × 1, 3 × 1, and 4 × 1, respectively. The X-axis rep-
resents the position and size of the pixels, while the Y-axis
indicates the relatively light intensity. The simulation displays
the light intensity of five consecutive pixels to represent the
light intensity across the entire mask image. The relative light
intensity of each single pixel is depicted in red, and the convo-
luted relatively light intensity is shown by a black line [28, 30].
The solid red line represents the original position of the light
intensity in the LCD mask image without vibration, and the
dashed line denotes the shifted mask image positions during
vibration.

From figure 4(a), the convoluted light intensity of a 1-step
vibration (no vibration) exhibits 17% energy variation at the
gap between two neighboring pixels. However, the intensity
variation for a 2-step vibration is 8% smaller than that of a 1-
step vibration, as shown in figure 4(b). This reduction in vari-
ation is due to the shift of the mask image to a new position
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Figure 4. The simulation of the convoluted light intensity in the X direction. (a) With a 1-step vibration (i.e. static without any movement);
(b) with a 2-step vibration; (c) with a 3-step vibration; and (d) with a 4-step vibration.

between the gaps of the original pixels, which mitigates the
nonuniformity caused by the ‘dark zone’. Additionally, we
note that the convoluted light intensity variation decreases as
the number of vibration steps increases. The four-step vibra-
tion (figure 4(d)) reduces the light intensity variation by less
than 5%, leading to a much smoother surface. The residual
light intensity variation observed after applying the vibration
steps is due to the light intensity variation of the LCD ele-
ments rather than the ‘dark zone’ aliasing. This indicates that
the vibration-assisted approach effectively provides uniform
light intensity over the photocuring surface defined by a mask
image.

The convoluted light intensity in the Y direction is simil-
arly simulated, as shown in figure 5. The simulation of a 1-step
vibration reveals a 55% light intensity drop at the gap between
pixels. Applying a 2-step vibration to the mask image reduces
the valley in the simulated light intensity to less than 10%. An
increase of the vibration steps to 3 and 4 results in the light
intensity variation being further reduced to less than 7% and
3%, respectively. Notably, the peak light intensity reduces to
80% of its original value after the mask image is vibrated in
the Y direction in figures 5(c) and (d). This reduction occurs
because the light intensity of the initial peak portion is spread
out to a broader area. The peak light intensity decreases as the

total input energy does not change. The reduced light intensity
can be easily compensated by increasing the original exposure
time to ensure proper curingwhilemaintaining a smoother sur-
face.

The simulations for both X and Y directions show a trend
where light intensity variation decreaseswith an increase in the
number of vibration steps. Figure 6 illustrates this relationship
by calculating light intensity variation based on the differences
between the maximum and minimum light intensity values. In
the X direction (figure 6(a)), light intensity variation starts at
17% for the 1-step vibration, drops to 5% for the 3-step vibra-
tion, and decreases to 2% for the 6-step vibration. In the Y
direction (figure 6(b)), the variation begins at 55%, dramatic-
ally falls to 5% with 4 steps, and declines to 1% with 6 steps.
The difference in steps required to achieve less than 5% vari-
ation in the X and Y directions can be attributed to the ‘dark
zone’ areas being wider in the Y direction than in the X direc-
tion. As a result, the Y direction needs more shifting steps to
fill the ‘dark zone’ gap. Considering LCD elements’ intrinsic
light intensity variation, we used a 5% variation threshold to
select the desired vibration pattern. Following this model, a
3-step vibration in the X direction and a 4-step vibration in
the Y direction could be selected for all the MIP-VPP printers
using the studied LCD screen, i.e. a vibration of 3 × 4 steps
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Figure 5. The simulation of the convoluted light intensity in the Y direction: (a) with a 1-step vibration (i.e. static without any movement);
(b) with a 2-steps vibration; (c) with a 3-steps vibration; (d) with a 4-steps vibration.

can be applied. The simulation of the convoluted light intens-
ity distribution in the XY plane over different vibration steps is
demonstrated in figure S6. The light intensity variation in the
XY plane is negligible after applying vibration with 3 × 4 or
even more steps.

3.3. Experimental results of the vibration-assisted MIP-VPP
process

In this section, we present the experimental results of the
vibration-assisted MIP-VPP, and discuss the impact of the
mask image vibration on surface roughness, boundary seg-
ment aliasing, dimensional accuracy, and optical resolving
capability of the 3D-printed parts.

To verify the impact of the vibration-assisted MIP-VPP
process on surface roughness, we printed a cylinder with a
9 mm diameter and evaluated its top surface’s roughness.
The vibration patterns of 1 × 1 (no vibration), 2 × 2, and
3 × 4 were printed under identical layer exposure time
and thickness. The top surface of the printed samples was
observed using an optical microscope, and the surface pro-
file of the samples was measured using a profilometer, as
shown in figure 7. The grid textures in figures 7(b) and (d)

are discernible in the images of the samples printed without
vibration and with a 2 × 2 steps vibration. Further, these grid
textures on the 3D-printed surface are identical to the convo-
luted light intensity distribution patterns shown in figures 7(a)
and (d). Such shape correspondence verifies the light intens-
ity distribution of an LCD mask image determines the surface
texture of the LCD-based MIP-VPP process. As the vibra-
tion steps increase, the grid texture in figure 7(h) becomes
less prominent, suggesting that surface roughness decreases
with an increasing number of vibration steps. The decrease in
surface roughness can also be explained by the uniform light
intensity distribution after 3 × 4 steps vibration, as shown in
figure 7(g).

Figures 7(c), (f) and (i) on the right show the surface profile
in the X direction, and the measured length is 500 µm. From
the surface profile of the non-vibration printed test case, we
can observe the periodic bumps have an amplitude of 0.7 µm.
The period of the bumps is ∼50 µm, which is consistent with
the pixel size. This also confirms that pixelated aliasing is the
main reason for the rough surface occurring in the LCD-based
MIP-VPP. When the 2 × 2 steps vibration is applied to the
LCD mask image, the amplitude of the bumps decreases to
0.3 µm. This result suggests that the 2 × 2 steps vibration
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Figure 6. The relationship between the light intensity variation and the number of vibration steps. (a) The light intensity variation in the X
direction; and (b) the light intensity variation in the Y direction.

Figure 7. Textures on the top surface of the 3D-printed disc test cases under different vibration steps, scale bar: 200 µm. (a) The light
intensity distribution of the mask image without vibration; (b) the texture on the top surface and (c) its surface profile of the disc test case
printed by MIP-VPP without vibration; (d) the light intensity distribution of the mask image with a 2 × 2 steps vibration; (e) the texture on
the top surface and (f) its surface profile of the disc test case printed by MIP-VPP with a 2 × 2 steps vibration; (g) the light intensity
distribution of the mask image with a 3 × 4 steps vibration; (h) the texture on the top surface and (i) its surface profile of the disc test case
printed by MIP-VPP with a 3 × 4 steps vibration.

reduced light intensity variation between its peak and val-
ley by over half. The period of the bumps at the 2 × 2
steps vibration is reduced to the average of 25 µm, which is
consistent with the light intensity simulation in 2 × 2 steps

vibration. When 3× 4 steps vibration was applied to the print-
ing, the surface profile showed a maximum amplitude smaller
than 1 µm, significantly smaller than the 2× 2 steps vibration
surface. The surface roughness Rms in the X direction of no
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Figure 8. The simulated results of the boundary segment roughness based on the convoluted light intensity distribution of vibration-assisted
MIP-VPP. (a) The simulated curing result of a 45-degree right-triangle test case without vibration; (b) the simulated curing result of the
45-degree right-triangle test case with a 2 × 2 steps vibration; (c) the simulated curing result of the 45-degree right-triangle test case with a
3 × 4 steps vibration; (d) the simulated curing result of non-45-degree right-triangle test case without vibration; (e) the simulated curing
result of non-45-degree right-triangle test case with a 2 × 2 steps vibration; and (f) the simulated curing result of non-45-degree
right-triangle test case with a 3 × 4 steps vibration.

vibration, 2 × 2 steps vibration, and 3 × 4 steps vibration are
0.237 µm, 0.138 µm, and 0.067 µm, respectively. A higher
than 3-fold surface roughness improvement is observed using
the developed vibration-assisted MIP-VPP.

Besides the ‘dark zone’ aliasing, the boundary segment ali-
asing of 3D-printed parts has been studied, as it impacts the
boundary segment roughness of the MIP-VPP-printed parts.
Figure 8 shows the simulation of the curing results for a set
of right-triangle test cases. As seen in figures 8(a)–(c), vibra-
tion helps reduce the boundary segments’ roughness for both
orthogonal and sloped lines. This improvement arises because
the vibration-assisted MIP-VPP shifts the mask image within
one-pixel amplitude, smoothing out rough features within
a pixel size. Vibration can also reduce their roughness for
the non-45-degree test cases, as shown in figures 8(d)–(f).
However, the results show a saw-tooth-like feature, even with
3 × 4 steps vibration, which can be attributed to the fact that
the rough features on the sloped lines span three-pixel sizes in
the X direction. Hence, they cannot be entirely smoothed out
by a single pixel vibration.

A set of right-angle triangle test cases were printed using
the vibration-assisted MIP-VPP system to quantify the bound-
ary segment aliasing improvement. Figure 9 shows a com-
parison of the boundary segment aliasing of the bottom side
and the slant side of the right-angle case. Four scenarios
were compared, including binary MIP-VPP (i.e. pixels in
mask images are either black or white), grayscale MIP-VPP
(i.e. pixels in mask images can be set to transitional val-
ues between black and white), vibration-assisted MIP-VPP
with binary images, and vibration-assisted MIP-VPP with

grayscale images. Figures 9(a) and (b) show the test case
profile printed by binary MIP-VPP. The pixelated aliasing
can be observed on both slant (30 µm) and bottom (10 µm)
sides of the test case. The grayscale MIP-VPP method slightly
improves the boundary segment smoothness, as shown in
figures 9(d) and (e). However, the pixelated aliasing is still
visible. Moreover, applying the grayscale to the mask image
makes the ‘dark zone’ aliasing more severe on the top sur-
face, as shown in figure 9(f). In comparison, vibration-assisted
MIP-VPP reduces the boundary segments aliasing to 5 µm on
the slant side and 3 µm on the bottom side. The vibration-
assisted MIP-VPP using grayscale images achieves slightly
smaller boundary segment aliasing than the vibration-assisted
MIP-VPP using binary images (figures 9(j) and (k)).

The boundary segment roughness is quantified by the root
mean square Rms, which is measured from the bottom side and
the slant side profiles of the right-triangle test cases. Table 3
shows the boundary segment roughness of four printing pro-
cesses for the designed test cases. The boundary segment
roughness of the bottom side drops to 29% of the binary MIP-
VPP and 63% of the grayscale MIP-VPP. Additionally, the
boundary segment roughness of the slant side drops to 25%
of the binary MIP-VPP and 40% of the grayscale MIP-VPP.
This indicates a significant improvement in boundary segment
smoothness when using the developed vibration-assisted tech-
nique for MIP-VPP. When comparing the boundary segment
smoothness of slant lines and bottom lines, both grayscale and
vibration processes have an effect in smoothing the pixelated
error and the slope surface. But vibration-assisted MIP-VPP
has a more significant impact on smoothing the slope surface,
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Figure 9. The boundary segments aliasing of the triangle test case, scale bar: 150 µm. (a) The boundary segments profile of the slant side
printed by binary MIP-VPP; (b) the boundary segments profile of the bottom side printed by binary MIP-VPP; (c) the triangle test case
printed by binary MIP-VPP; (d) the boundary segments profile of the slant side printed by grayscale MIP-VPP; (e) the boundary segments
profile of the bottom side printed by grayscale MIP-VPP; (f) the triangle test case printed by grayscale MIP-VPP; (g) the boundary
segments profile of the slant side printed by vibration-assisted MIP-VPP; (h) the boundary segments profile of the bottom side printed by
vibration-assisted MIP-VPP; (i) the triangle test case printed by vibration-assisted MIP-VPP; (j) the boundary segments profile of the slant
side printed by vibration-assisted MIP-VPP combined with grayscale mask image; (k) the boundary segments profile of the bottom side
printed by vibration-assisted MIP-VPP combined with grayscale mask image; and (l) the triangle test case printed by vibration-assisted
MIP-VPP combined with grayscale mask image.

given by the standard deviation. Moreover, combining gray-
scale images and the LCD vibration yields the lowest standard
deviation values and the smoothest boundary segments. The

test cases of other more general polygons, such as non-45-
degree triangles and pentagons, are used to quantify the effect
of vibration-assistedMIP-VPP on reducing boundary segment
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Table 3. The boundary segment roughness Rms.

Slant side (µm) Bottom side (µm)

Binary 8.0 6.5
Grayscale 3.0 6.2
Vibration-assisted + binary 2.0 1.9
Vibration-assisted + grayscale 1.8 1.1

Figure 10. The dimensional accuracy of the test cases printed by vibration-assisted MIP-VPP, scale bar: 1 mm. (a) The triangle samples
printed without vibration; (b) the triangle samples printed with a 3 × 4 steps vibration; (c) a comparison of the length of the bottom side
between triangle samples printed with and without vibration; (d) the circle samples printed without vibration; (e) the circle samples printed
with a 3× 4 steps vibration; and (f) a comparison of the length of the bottom side between circle samples printed with and without vibration.

roughness of general geometries, as shown in figures S7
and S8.

We further study the effect of additional vibration on the
dimensional accuracy for MIP-VPP. Here, we measure the
dimensions of test cases printed by the vibration-assistedMIP-
VPP process and compare them to the nominal dimensions.
Cylinder and triangle test cases designed with characteristic
dimensions of 2 mm, 1 mm, 0.5 mm, and 200 µm were prin-
ted and measured to validate the dimensional accuracy for
various shape sizes from dimensions far bigger than a pixel
size to a small one comparable to a pixel size. Figures 10(a)
and (d) show the samples printed by the conventional MIP-
VPP. Figures 10(b) and (e) show the samples printed by the
vibration-assisted MIP-VPP. Figures 10(c) and (f) show the
characteristic dimensions of the triangle and circle test cases.
Both triangle and circle test cases show less than 50 µm
error between the two fabrication processes. This indicates

that the vibration-assisted MIP-VPP process does not signi-
ficantly impact the overall dimensional accuracy. For larger
parts with characteristic dimensions greater than 500 µm, it
was observed that the printed parts using vibration-assisted
MIP-VPP had a controlled size difference (between 10µmand
50 µm) compared with those printed using the conventional
MIP-VPP process. This discrepancy can be attributed to the
amplitude of vibration in both X and Y directions, which leads
to a dimensional change. In contrast, for parts with a length
of diameter dimensions smaller than 200 µm, the parts prin-
ted using vibration-assisted VPP were found to be distorted
because of XY vibration of the mask image. This phenomenon
can be explained by the fact that at 200 µm scale, 50 µm shift-
ing of the mask image becomes significant, thus changing the
shape of the parts. The geometric distortion of the parts printed
by vibration-assisted MIP-VPP is also studied in figure S10.
These findings suggest that the vibration-assisted MIP-VPP
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Figure 11. The resolving capability of a disc test case printed by the vibration-assisted MIP-VPP. (a) The disc test case printed by the
conventional MIP-VPP; (b) the image of the USAF 1951 calibration target taken through the sample shown in (a); (c) the modulation
transfer function of the sample shown in (a) over the grating density; (d) the disc test case printed by vibration-assisted MIP-VPP; (e) the
image of the USAF 1951 calibration target taken through the sample shown in (d); and (f) the modulation transfer function of the sample
shown in (d).

process offers comparable dimensional accuracy to the con-
ventional VPP process when the fabrication dimensions are
larger than 500 µm.

A smoother surface minimizes diffraction and scattering in
3D-printed parts. Hence, the vibration-assisted MIP-VPP pro-
cess allows in-situ fabrication of products with high resolv-
ing capabilities, which are crucial for optical devices [33].
The MTF was used as a metric to evaluate the resolving cap-
ability of 3D-printed parts. The USAF 1951 calibration tar-
get was employed to measure the MTF of the resolution pat-
tern through the 3D-printed parts. Figure 11 demonstrates the
image-resolving capability of 3D-printed flat disc samples,
which have a diameter of 9 mm and a thickness of 2 mm.
Figures 11(a)–(c) show the image-resolving capability meas-
ured from the disc sample printed by conventional MIP-VPP
without vibration. Figures 11(d)–(f) show the image-resolving
capability measured from the disc sample printed by the
vibration-assisted MIP-VPP (with a 3 × 4 steps vibration).
Figures 11(b) and (e) show the zoom-in photos of the cal-
ibration target appearing through the printed discs. We can
observe the difference between the samples printed without
and with vibration, and the calibration target is significantly
more apparent when vibration is employed in MIP-VPP print-
ing. Figures 11(c) and (f) display the MTF of the printed
discs. As the grating density increases, the MTF decreases
for samples. However, the printed disc with vibration-assisted
exhibits a slower MTF decrease than the printed disc with

no vibration, indicating superior resolving capability. When
the MTF falls below 10%, the contrast of the grating pat-
tern is deemed unrecognizable. For the vibrated-assisted 3D-
printed disc, the smallest distinguishable feature of the calibra-
tion target is 32 lines mm−1, while the corresponding feature
for the non-vibrated disc is only 7 lines mm−1. This super-
ior MTF performance across all grating patterns highlights
the enhanced resolving capability of the vibration-assisted 3D-
printed parts.

4. Discussion

The experimental results show that the surface roughness and
boundary segment roughness of the parts printed by vibration-
assisted MIP-VPP are significantly improved compared to the
static binary and grayscale MIP-VPP methods. Increasing the
number of vibration steps makes the surfaces’ grid texture
less prominent, resulting in a smoother surface. A 3 × 4
steps of vibration in the X and Y directions suffices to reduce
light intensity variations to below 5% and reduce the sur-
face roughness from 0.237 µm to 0.067 µm. For a typical
exposure time of 4–6 s per layer, such a modest vibration (2–
3 Hz) does not necessitate high-frequency operation, dimin-
ishing the hardware demands in the vibration-assisted MIP-
VPP process. The combination of vibration-assisted and gray-
scale MIP-VPP offers the best boundary segment smoothness
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Figure 12. The effect of vibration-assisted MIP-VPP on curve features. (a) The simulated curing results of the circle test cases printed
without vibration; (b) the simulated curing results of the circle test cases printed with vibration; (c) the 3D-printed circle test cases without
vibration; and (d) the 3D-printed circle test cases with vibration.

(1.8 µm) compared to the one printed by binary mask images
(8.0 µm), making it an ideal solution for applications requiring
high-quality surface finish. Unlike other surface roughness-
improving processes, such as defocusing MIP-VPP [19] and
meniscus coating [24, 34], the vibration-assisted MIP-VPP
improves the surface roughness with minimal dimensional
inaccuracy. This unique advantage sets it apart from other
techniques and further emphasizes its potential in various
applications where surface quality and dimensional accuracy
are paramount.

Although the vibration-assisted MIP-VPP process demon-
strates promising results, it also presents certain limitations
and challenges that need to be addressed. One of such limita-
tions is the boundary roughness of a curve feature. As shown
in figures 12(a) and (b), the vibration-assisted MIP-VP can-
not improve the boundary roughness of the circle test case.
The simulation of the curing results shows that the saw-teeth

contour remains unchanged after the applied vibration with
3 × 4 steps or even more steps. These simulation results
are verified by the physically 3D-printed test cases shown in
figures 12(c) and (d). Further research and development efforts
on vibration-assisted MIP-VPP, such as dynamically chan-
ging mask images during vibration [30], are needed to optim-
ize curved features’ dimensional and shape accuracy. Besides,
the vibrations can introduce dimensional error and shape dis-
tortion when the feature size is smaller than 300 µm. This
error prevents the vibration-assisted MIP-VPP from fabricat-
ing high-resolution features. Future work on addressing the
limitations of printing small sizes with smooth features will
be studied, such as investigating shape-dependent vibration
patterns to improve dimensional accuracy for different part
sizes. Additionally, we will explore potential applications in
areas such as bioprinting, optics, and other emerging fields to
expand the application ranges of this low-cost AM technique.
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5. Conclusion

This work presents a method of applying a subpixel-level
vibration to the mask images defined by an LCD screen
to significantly improve the surface and boundary segment
smoothness of products printed using MIP-VPP. This sub-
pixel vibration technique equalizes the light intensity within
the ‘dark zone’ of the mask images, mitigating the pixelated
staircasing effect along the boundary line segments. By sur-
passing the limitations imposed by LCD’s pixel size, this
approach empowers commercial MIP-VPP equipment to pro-
duce components with submicron-level surface smoothness.
The implications of this advancement are vast, holding sub-
stantial potential for a wide variety of applications in areas
like customized optics, sensors, and microfluidic devices. The
principle demonstrated in the study also paves the way for
future innovations and improvements in MIP-VPP technology
to achieve new heights of surface smoothness and accuracy.
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