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A B S T R A C T

Microstereolithography (MSL) has been employed to create 3D microstructures for a wide range of applications.
Despite the many advantages of using this process, there are still several drawbacks such as the need to use a
large amount of a material compared to the volume of the microstructure to be built, oxygen inhibition, and
difficulty in processing highly viscous photopolymers. To minimize the amount of material required, the use of a
liquid bridge has been suggested as a modification to the existing microstereolithography process. A liquid
bridge can be easily found in nature after a rainfall. Basically, a bridge can be formed between two solid bodies,
where surface tension can sustain a liquid bridge against a gravitational force, which tends to destroy it. With
this natural phenomenon, a photopolymer can be intentionally formed between two substrates: a transparent
substrate with a low surface energy can be used as a top substrate, while another substrate with a higher surface
energy can be used to hold the fabricated structure together. This process, called liquid bridge micro-
stereolithography (LBMSL), is advantageous since it uses a relatively small amount of a material, removes oxygen
inhibition due to the constraint of the material surface, and offers the possibility of utilizing a highly viscous
material. In this study, a mathematical model was taken to simulate a liquid bridge with a certain volume and
height. Adhesion tests were accomplished to ensure the fabricated layer detaches from the top substrate while
the fabricated structure remains attached to the bottom structure. Photopolymers with different viscosities were
employed in LBMSL, and the results were compared with those in the traditional MSL. Finally, various 3D
microstructures were fabricated by LBMSL; these fabricated microstructures provide compelling evidence that
LBMSL is advantageous over the existing process for MSL.

1. Introduction

Since the concept of additive manufacturing (AM), also known as
3D printing, was proved in the early 1980s, various 3D printing pro-
cesses have been developed. Representative processes include vat
photopolymerization, powder bed fusion, extrusion, material/binder
jetting, and beam deposition. Among the vat photopolymerization
processes, stereolithography (SL) has been regarded as a high-resolu-
tion technique. Microstereolithography (MSL), which evolved from SL
to obtain resolutions of a few microns on the xy plane and a few tens of
microns along the vertical direction, has gained attention due to its
superior capability to create “real” 3D microstructures since it was first
introduced by Ikuta and Hirowatari [1–3]. There are two major MSL
types depending on the method of layer creation; (1) projection MSL
using a mask with light exposure for the entire layer [2,3] and (2)
scanning MSL using a focused beam for contouring and hatching [4,5].
Elaborate 3D structures can be simply fabricated by UV beam exposure
on photoreactive liquid resins and a subsequent curing reaction of the

resins into solid polymer layer by layer [6]. Therefore, MSL has been
widely adopted in the areas of biomedicals [7–10], tissue engineering
[11,12], and microelectromechanical systems (MEMS) [13,14]. Al-
though MSL has a superior capability in microstructuring, there are
some limitations, including the requirement of a relatively large
amount of material compared to the volume of the microstructure,
oxygen inhibition, and difficulty in using highly viscous photopolymers,
among others.

MSL requires a vat containing a photopolymer (hereafter referred to
as vat-based MSL) [15]. A build platform is generally mounted to a Z-
stage and positioned in the vat. In the top-down approach [2,16], the
platform is first moved downward and then upward to refresh a pho-
topolymer with a layer of material of a predetermined thickness (in
contrast to the SL process, where no recoater is typically used). During
this process, the fabricated part must be completely and evenly covered
by a photopolymer; therefore, a relatively large amount of a photo-
polymer, as compared to the size of a fabricated microstructure, is re-
quired. While the bottom-up approach [17] and the material pumping
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mechanism [15] do not require an excessive amount of a photopolymer,
the vat still needs to be filled. The minimum amount of a photopolymer
required to enable the process would be more significant if medical-
grade materials are used or a newly synthesized material is used (which
will typically have a very low yield ratio in particular in the initial stage
of synthesis). Oxygen inhibition is a key issue in any type of poly-
merization processes, where a thin layer (1 μm–100 μm) of a material is
cured in the ambient air, as the oxygen in the air near the material’s
surface can scavenge the radicals generated by a photoinitiator and
prevent polymerization [18,19]. In general, a photopolymer with a low
viscosity provides better reactive functionalities to interact between
molecules, increased polymerization and crosslink reaction rates, and
fast surface refreshing of a material, which reduces the fabrication time
[20]. In contrast, a photopolymer with a higher viscosity requires a
longer dwell and settling time, which lead to an increase in fabrication
time. Therefore, the use of highly viscous photopolymers is a great
huddle for vat-based MSL and, in general, a photopolymer with a low
viscosity is recommended [10].

This work presents methods to overcome the aforementioned lim-
itations. In particular, seeking a solution that utilizes as little photo-
polymers as possible, in an amount that is close to the volume of the
largest microstructure which can be achieved within the building
platform, was the main motivation of this work. In order to use smaller
amounts of a photopolymer and overcome the disadvantages of vat-
based MSL, a liquid bridge-based MSL (LBMSL) was proposed. A liquid
bridge is a common natural phenomenon that can be easily created
between two solid bodies [21,22]. When a liquid is introduced between
two solid bodies, a stable bridge is formed which produces a resultant
attractive force between the bodies (e.g. dewdrops between two
leaves). This arises from a pressure deficiency in the bulk of the liquid
and the surface tension of the liquid acting on the two bodies [23]. In
this proposed method, no vat is used; instead, the liquid photopolymer
is positioned between two parallel coaxial circular disks, forming a li-
quid bridge. In the LBMSL process, the amount of material consumption
is significantly reduced, since no vat is used. Due to very short settling
and dwelling times required, the fabrication speed has been dramati-
cally improved. The following sections describe the methods and ma-
terials for realizing a liquid bridge, as well as the results for fabrication
of various 3D microstructures in the proposed system.

2. Experimental program

2.1. Materials

Propoxylated glyceryl triacrylate (CD9021, with a viscosity of 95
cps at 25 °C), ethoxylated bisphenol A dimethacrylate (SR150, with a
viscosity of 700 cps at 25 °C) and acrylated polyester oligomer (CN293,
with a viscosity of 3200 cps at 25 °C) were obtained from Sartomer Inc.
(Exton, PA, USA); 1,6-hexanediol diacrylate (HDDA) was obtained from
Sigma-Aldrich Co. (Milwaukee, WI). These photopolymerizable che-
micals were used as received without further purification. Tinuvin 327
(Ciba, Timonium, MD, USA) as a light absorber and 2,2-dimethoxy-2-
phenylacetophenone (DMPA, Sigma-Aldrich Co.) as a photoinitiator
were also used as received without further purification. For the adhe-
sion test and liquid bridge validation, a mixture of CD9021 and HDDA
in a 70:30 w/w ratio was used. For the viscosity testing, SR150 and
CN293/HDDA in a 90:10 w/w ratio were used. Each photopolymer was
prepared with a photopolymerizable chemical (or a mixture of the
photopolymerizable chemicals) and DMPA (1 wt% to the mixture of
photopolymerizable chemicals). For the fabrication of 3D micro-
structures, 0.15 wt% of Tinuvin 327 was blended into the photopolymer
for cure depth control [2].

Plates composed of poly(methyl methacrylate) (PMMA), poly-
dimethylsiloxane (PDMS), and TPX® (4-methylpentene-1-based olefin
copolymer, Mitsui Chemicals, Inc.) were used as top and bottom sub-
strates to form a liquid bridge. These plates were cut in a circular shape

with a diameter of 8mm.

2.2. Suggested liquid-bridge microstereolithography

LBMSL was implemented in the existing projection MSL system,
where a digital micromirror device (DMD; Texas Instruments) was used
for projection. [8] In brief, this system incorporates modules for light
emission (a mercury lamp filtered at a wavelength of 365 nm, Omni-
Cure® S2000, Excelitas Technologies Co.), light delivery (via a series of
lenses and mirror), pattern generation (DMD and controller), and a
build platform (a Z-stage with a resolution of 500 nm), as shown in
Fig. 1. Details can be found in prior work [2,10,15,24,25]. A liquid
bridge was formed between two parallel coaxial disks having the same
diameter (8 mm) using a photopolymer that was supplied by a NE-1000
syringe pump (New Era Pump System Inc.) with a minimum pumping
rate of 0.73 μL/hr. The top transparent disk was fixed, and the bottom
disk was installed on a Z-stage. Fig. 2 shows a brief schematic of the
LBMSL process, where the fabricated structure is attached to the bottom
plate which moves downward after the completion of photocrosslinking
in each layer.

2.3. Mathematical model of the liquid bridge

The liquid bridge can be modeled, and the profile of the bridge
along the vertical direction can be calculated [26]. Fig. 3 shows the
schematic diagram and the coordinate system used to model the liquid
bridge [27]. This model was modified to further investigate how to
form and maintain the bridge. The critical concern in the development
of the suggested stacking mechanism is how to maintain the target area
and thickness of a liquid bridge on a top surface that also provides a
refreshed resin layer. This indicates how much material will need to be
supplied as the height (h) between the disks increases. In addition, the
maximum volume along with the maximum height are of interest, as
this information provides a maximum build size for the manufacturing
platform. A simulation can be conducted with the following Young–-
Laplace equations [27] to obtain the profile of the bridge, and the si-
mulation results can be compared with the results obtained from the
experiments for validation:

′ = − ′ ′′r s z s β s( ) ( ) ( ) (1)

′ = ′ ′′z s r s β s( ) ( ) ( ) (2)

′ = − + −
′

β s z s P
ρgγ

z s
r s

( ) ( ) Δ ( )
( )p (3)

where, s is the arc length of the free surface, r(s) is the radius of the
bridge, z(s) is the height from the substrate, β s( ) is the angle of the
profile, ΔP is the Laplace pressure difference between the inside and
outside of the liquid, ρ is the density of the liquid, g is the acceleration

Fig. 1. Schematic illustration of the liquid bridge–based microstereolithography system.
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of gravity, γp is the surface tension of the photopolymer, and the prime
is the differentiation with respect to the arc length (s).

To solve these equations, several boundary conditions such as
= ′ = = =r r r cosβ z z sinβ(0) , (0) 1, (0) 0, (0) 10

' were used. These
equations have been established with the assumption of the given

constant volume (∫ =πr dz V
h

0
2 ). And thus, a volume to be dispensed

can be calculated by obtaining a new profile of the bridge with the
modified parameters (such as h) while fixing the radius. MATLAB was
adopted to integrate the equations. For a given r0, the equilibrium
shapes can be obtained for different disk separation h.

In order to validate the mathematical model, water was used to
obtain the equilibrium shape and the volume for each β1 of the liquid
bridge. The parameters needed in this integration were as follows:
ρ=1×103 kg/m3, σ=0.072 N/m, and g=9.8m/s2. Different disk
separation values h of 3mm, 4mm, and 5mm were computed for the β1
from 60° to 110° at intervals of 10°. The disks were cleaned by ethanol
before conducting the experiment to minimize possible contamination
and surfactant absorption, which may lead to Marangoni stresses
[27,28]. The separation height (h) between the two disks was increased
from 0 to 4mm at intervals of 0.1mm for the liquid bridge experiments.

2.4. Adhesion force between top disks and a fabricated layer

Bare glass, PDMS-coated glass, and TPX® were used as a top trans-
parent disk for the adhesion tests. To enable the LBMSL process, the
newly fabricated layer needs to successfully detach from the top disk
without fracturing the structure, while the structure remains attached
to the bottom disk. In the tests of this study, the top disks were fixed

and the bottom disk (PMMA) was installed on a force gauge (GTX-
250N, Dillon Force Measurement Equipment, Fairmont, MN, USA),
which was mounted to the Z-stage, as shown in Fig. 4. The prepared
photopolymer (CD9021/HDDA (70:30 w/w)) was injected from the
bottom disk using a syringe pump. The separation distance between two
disks was set to 100 μm. After the square pattern was solidified by ul-
traviolet (UV) curing, the stage moved down with a speed of 0.01mm/s
until the built structure separated from the top disk. Different exposure
energies were used to cure the layer. Force data was collected at a
sampling frequency of 20 Hz using a MATLAB program. Five data set
were used for plotting.

2.5. Fabrication of 3D microstructures using LBMSL

The maximum size of the fabrication area was set at 3mm×3mm,
and the prepared photopolymer was supplied through a hole (material
filling channel) machined in the bottom disk as shown in Fig. 5. The
light irradiance was 9.6 mW/cm2, and the exposure time was 2 s. Two
photopolymers having different viscosities were used in the vat-based
MSL and LBMSL systems. These tests were conducted in order to ex-
plore the fabrication capability of a highly viscous material. Finally,
various 3D microstructures were built in the developed LBMSL system
to show the demonstration of fabrication capabilities.

Bubbles can be created when the material is injected, which may
create defects in the liquid bridge. To avoid this, the syringe was in-
itially examined to remove all bubbles and the existing material in the
tube was completely dispensed so that the new material coming from
the syringe filled the tube. Sudden injection may create bubbles, and
thus the lowest pumping rate (0.73 μL/hr) was used.

Fig. 2. Schematic illustration of the LBMSL process.

Fig. 3. Geometry and coordinate system for an axisymmetric equilibrium shape of a li-
quid bridge, where g is gravitational acceleration and β1 and β2 are the angles between
the radius axis and the tangent of the liquid bridge interface.

Fig. 4. Schematic illustration of setup for adhesion force test.
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3. Results and discussion

3.1. Liquid bridge model

Fig. 6 shows the equilibrium profiles of liquid bridges obtained from
the simulations and experiments for different β1 of water. The dis-
crepancy between the mathematical model and the experimental results
had an error percentage below 5%. From the comparison, the simula-
tion results shows good agreement with the experimental results, which
indicates that the mathematical model successfully predicts the equi-
librium profile and the relationship between the height and the volume.

The validated model was used for the liquid bridge simulation for a
mixture of CD9021 and HDDA (CD9021/HDDA). The volumes for
various seperation distances (h) ranging from 0 to 3mm to form a liquid
bridge were obtained with β1 of 70–120° using the mathematical
model; the equilibrium shape and the volume with the height of 3mm
are presented in Fig. 7. These simulations provide a general guideline
regarding how much material is supplied for a structure with a pre-
determined height and a given shape.

3.2. Adhesion test

The LBΜSL technique is a top-down fabrication process. Ideally,
after one layer is fabricated, the printed structure should safely separate
from the top disk and move down with the bottom disk. However, the
adhesion force produced during the polymerization process may result
in separation failure. Three disks – bare glass, PDMS-coated glass, and
TPX® – were used in this study in order to investigate the adhesion force
between printed structures and top disks. Fig. 8 shows the comparisons
of adhesion force for different top disks using different UV exposure
times for a CD9021/HDDA (70:30 w/w) solution. The results indicate
that the bare glass disk had a much higher adhesion force compared to
PDMS-coated glass and TPX® disks, and the TPX® disk had the lowest
adhesion force. This result is caused by the different free surface energy
of the various disks; for a 3 s UV exposure time (Fig. 8(a)), the adhesion
force of PDMS-coated glass and TPX® disks is similar, while the differ-
ence is greater for a 5 s UV exposure time (Fig. 8(b)). As the molecular
weight of the polymer increases with UV exposure time, the adhesion
properties of the polymer rise due to the increase in entanglements of
the polymer molecules and the cohesive strength of the adhesive [29].
This result indicates that the TPX® disk is affected less by the adhesion
properties as compared to bare glass and PDMS-coated glass disks,
which results from the relatively small surface energy. Therefore, the
TPX® disk is selected for the LBMSL process as a top disk due to its
unique properties such as low surface energy, high chemical resistance,
and high UV transmittance.

3.3. Oxygen inhibition

In the vat-based MSL process, a thin layer of a photopolymer
(1–20 μm) is cured in the ambient air; thus, a very thin layer (≤1 μm) of
photopolymers is directly affected by oxygen inhibition during its
polymerization process [18,19]. However, LBMSL allows a very thin
layer (≤1 μm) to be fabricated, as a top disk is able to prevent the top
surface of the resins from coming into direct contact with oxygen. By
using LBMSL, vertical posts were fabricated with CD9021/HDDA
(70:30 w/w), as shown in Fig. 9. The posts consist of four sections along
the vertical direction with varying layer thicknesses (0.5, 1, 10, and
20 μm) for each section from top to bottom. The height of each section
was set to 200 μm. For the sections having layer thicknesses of 0.5 and
1 μm, a very smooth (almost layerless) surface was achieved, while
sections having larger layer thicknesses exhibit clear layering.

3.4. Use of highly viscous photopolymers

Photopolymers with different viscosities were used in order to
compare the manufacturability between vat-based MSL and LBMSL.
Fig. 10 shows spring structures fabricated using SR150 and a mixture of
CN293/HDDA (90:10 w/w). The viscosity of those solutions at 25 °C is
700 and 3200 cP, respectively. For the spring structure of SR150 fab-
ricated by vat-based MSL (Fig. 10(a)), the layer thickness is 20 μm and
the number of layers is 175. After one layer of fabrication, the platform
is moved down for 2mm and stays for a dwell time of 5 s and then
moved up for 1.98mm with a settling time of 30 s, which was empiri-
cally chosen. This process is generally called “deep-dip coating.” The
time for fabricating each layer was 77 s; fabrication time for a structure
with 175 layers was 3.74 h, including the time required for stage
movement, exposure time, dwell time, and settling time. The spring
structure in Fig. 10(b) was fabricated by the LBMSL system using
SR150. After one layer was fabricated, the bottom disk was lowered
0.4 mm at a speed of 0.1mm/s in order to force the built layer to se-
parate completely from the top disk; the bottom disk was then raised
0.38mm with a settling time of 8 s to allow the liquid bridge to stabilize
before the next layer was fabricated. The time required for fabricating
each layer was 20 s, and the entire fabrication time was 0.87 h, which is
3.8 times faster than the time required for vat-based MSL.

In addition to SR150, a higher viscosity material, CN293/HDDA
(90:10 w/w) was used to fabricate the same structure using both sys-
tems. For vat-based MSL, the dwell and settling times were set to 10 s
and 60 s, respectively, and the fabrication time for each layer was 112 s
(for a total fabrication time of 5.4 h). The diameter of the spring wire in
Fig. 10(c) was approximately 700 μm, which is larger than the 500 μm
diameter of the designed model. This difference is attributed to in-
sufficient settling time, leading to an uneven polymer surface, which
may make the curing spot above the focus level. Since the light pattern
from the objective lens was convergent, the curing spot above the focus
level could result in a larger curing area than is achieved on the focus
level. A distorted scale and uneven surface features were observed,
which resulted from insufficient dwell and settling times. For LBMSL,
the settling time was 12 s, and the other parameters were the same as
those used in vat-based MSL. The fabrication time for each layer was
22 s, and the total fabrication time was 1.07 h, which is 5 times less
than the time required for vat-based ΜSL. Compared with the spring
fabricated using vat-based MSL, the spring fabricated using LBMSL had
much better features in terms of resolution. Stair structures are clearly
visible on the spring surface, as shown in Fig. 10(d).

The settling time increases significantly when a more highly viscous
material is used in vat-based MSL, while less time is required for settling
of the photopolymer in LBMSL. Therefore, LBMSL exhibits a huge po-
tential for fabrication with a highly viscous material, which can sig-
nificantly broaden the range of materials that can be processed as
compared to those for a vat-based MSL process.

Fig. 5. Schematic illustration of a bottom disk for the LBMSL system. A gray square area
is the maximum fabrication area for the system, and a hole of 1mm diameter is the
material injection channel.
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3.5. Fabricated 3D microstructures

Before the fabrication of 3D microstructures for the demonstration
of the LBMSL capabilities, the system was manually calibrated. Due to
the top transparent plate, there is a possibility for light scattering which

may make changes in the focal plane and resolution of the focused light.
The exact focal plane was obtained by having experiments on pat-
terning 2D shapes with different vertical locations of the substrate. In
addition, resolutions of 2D patterns were compared with those from the
original MSL and it was concluded that there was no remarkable

Fig. 6. Equilibrium shapes of liquid bridges for water obtained from simulations and experiments with various β1; (a) 58.5°, (b) 68.5°, (c) 78.1°, (d) 88.4°, (e) 97.8°, and (f) 107.5°. (The
red dashed lines on the plots indicate the outer shape of each liquid bridge as obtained from the experiments. They were mapped in the simulation results.). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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difference in the resolution.
Fig. 11 shows environmental scanning electron microscopy (ESEM)

images of multiple 3D microstructures fabricated using LBMSL and a
mixture of CN293/HDDA. The printing parameters were chosen to be
compatible with the photopolymer used, which were taken from our
prior work [2,10,15,24,25]. A layer thickness of 10 μm was used in all
the models. An exposure energy of ∼9.3mJ/cm2 (intensity
of∼ 18.6 mW/cm2, and exposure time of 0.5 s) was used to cure each
layer. The Z-stage was moved downward with the speed of 0.5 m/s and
the distance of 1mm in each layer for detachment and then moved
upward, leaving the layer thickness. The numbers of layers in the parts
(a)–(d) are 120, 110, 138, and 155, respectively. The thinnest feature
sizes in the parts (a)–(d) are ∼60 μm, 100 μm, 140 μm, and 200 μm,
respectively. The volume of the photopolymer to create a liquid bridge
was ∼0.25mL. After the printing process was complete, each structure
was rinsed with ethanol to wash away any remaining uncured resins.
All fabricated microstructures showed detailed features, which de-
monstrate the superior manufacturing capability.

Fig. 7. The equilibrium shape and coresponding volume of CD9021/HDDA liquid bridges obtained using a mathematical model.

Fig. 8. Adhesion force between printed structures (UV cured during (a) 3 s and (b) 5 s) and different top disks (glass, PDMS-coated glass, and TPX®) at a pulling speed of 0.01mm/s.

Fig. 9. 3D printed CD9021/HDDA posts (70:30 w/w) consisting of four sections with
layer thicknesses ranging from 0.5 to 20 μm.
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4. Conclusions

The novel LBMSL process showed advantages in terms of the fab-
rication speed, capability for fabrication using materials of high visc-
osity and in submicron layer thicknesses, with lower material

consumption. This advanced process improved the fabrication capacity
of MSL and demonstrated that it could be used for a wider range of
applications. The liquid bridge was mathematically modeled, and the
profile of the bridge was simulated. A series of experiments to verify the
mathematical model were conducted, and the predictions of the

Fig. 10. Spring structures fabricated from SR150 by using (a) vat-based MSL and (b) LBΜSL; spring structures fabricated from CN293/HDDA (90:10 w/w) by using (c) vat-based MSL and
(d) LBΜSL.

Fig. 11. Scanning electron micrographs of the fabricated 3D microstructures.
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developed model showed good agreement with the experimental re-
sults. Using the developed process, several microstructures were fabri-
cated to demonstrate the fabrication capacity of LBMSL. It is believed
that the developed process could be considered as a potential 3D micro-
fabrication method with high resolution using materials with high
viscosity, which cannot be easily employed in conventional MSL pro-
cesses.
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