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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:
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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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