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Abstract

This study used flexible polymer materials in large-area roll printing to control the curvature feature size of the
microstructure mold array of polydimethylsiloxane (PDMS) through system-developed equipment and gas-assisted
molding processing. It designed and developed special roll printing equipment for curvature-adjustable flexible polymer
mold for a series of tests regarding material mechanical properties. Mold, wear characteristics, and mechanical property
parameters were obtained for experimental simulation, where the optimal parameters of microstructure mold forming with
gas-assisted control were simulated. The simulation results were consistent with those in actual roll printing. The pre-
liminary optical testing and applications were carried out, and verified that the innovative continuous roll printing process

can obtain good large-area array forming structures.

1 Introduction

Both microelectromechanical systems (MENS) (Eckel et al.
2016; King 2016; Yazdani and Payam 2015) and nano-
electromechanical systems (NEMS) (Bleiker et al. 2017,
Chen et al. 2016; Weng et al. 2017) are novel and hot
technologies that produce micro-nanoscale mechanical and
photoelectric components in a small scale. This technology
has contributed to the sci-tech industry in fields of
biomedical technology, photoelectric technology, display
technology, and micro-systems. In a microelectronic
mechanical system (MEMS) there are many heavy and
complicated procedures in micro-component development
and production, as well as blind spots in the use of energy
and time, which have no settlement (breakthrough) to date.
Moreover, after the production of a series of products, it is
difficult to make modifications or minor adjustments to
some sizes, as such changes would have far-reaching influ-
ence, which limits the efficiency of modern technology
industries. Developed for micro-system production, the Roll
to Plate (R2P) (Lee et al. 2017; Zhou et al. 2015; Li and Chu
2017; Weng and Chen 2015; Weng 2015; Yietal. 2015) and
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Roll to Roll (R2R) (Kooy et al. 2014; Kim et al. 2014; Sohn
et al. 2013; Kothari et al. 2016; Choi et al. 2016; Chuang
et al. 2017) are strong and efficient production modes, and
their rapid development is quite important for the high-tech
industry, thus, they have gradually entered the mature stage.
This study proposed a new and simple production mode for
future technological and industrial development, in order to
significantly reduce the production costs of the technology
industry. Hence, this study investigated large-area roll
printing and replication forming with the curvature control
of microlens array structures, which was designed to con-
duct roll printing tests with the R2P production mode, in
order to extrude a gas-filled flexible polymer film from an
aluminum case roller to form a microlens mold structure,
which acts as the roll printing microstructure mold by con-
trolling the gas pressure. Then, in order to simplify the mold
preparation process and save energy and time, roll printing
and forming was conducted by the R2P production mode.

2 Experimental
2.1 Discussion on SU8 friction test by polymer
film mechanical properties testing

and forming

In this section, the mechanical properties of the polymer
film, as prepared in different composite proportions, were
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tested by tensile testing at room temperature, in order to
obtain the material parameters for simulation in this study.
According the experimental results, at the proportions of
15:1, 10:1, and 5:1 between the main agent (SYLGUARD-
184A) and the hardening agent (SYLGUARD-184B), the
stress—strain diagram of the polymer film in the microten-
sile testing at the different ratios of hardening agents and
the stress—strain diagram at the (10:1) ratio of the harden-
ing agent at different tensile times, respectively, while the
mechanical properties are shown in Table 1. The gas
pressure control at different hole sizes and under different
polymer film conditions were analyzed by software to
estimate the optimal parameters and operating range of
gas-filled polymer films and microstructure mold. Simu-
lation formability was analyzed by professional software,
in order to provide reference for formability simulation and
the operational range of different aluminum case thickness,
hole diameters, and polymer film laying ranges.

2.2 Design, production, and mold preparation
of a curvature-adjustable polymer mold roll
printing system

2.2.1 Design and production of a curvature-
adjustable polymer mold roll printing system

This study developed a curvature-adjustable polymer mold
roll printing system, which mainly consists of a roll
printing-driven unit, gas-assisted control unit, aluminum
case, and roller polymer film forming unit, as well as an
exposure, curing, and forming unit, as shown in Fig. 1.
This system designed reciprocating motions, in order that
there was no idle loop during machine motion. Moreover,
while the roller polymer film forming unit was the most
important, the different roller diameters, hole sizes, and
other geometric parameters must also be considered during
design and preparation.

Pneumatic cylinder

(a)

Microstructures

Linear slider

UV-LED array

Reciprocating straight-line
motion mechanism

(b)

Pneumatic cylinder

Pneumatic =
Drive motor

Fig. 1 A curvature-adjustable polymer mold roll printing system of a
flexible polymer mold a design drawing, b physical drawing

2.2.2 Application of laser machining technology
and micro-drilling technology to the production
of the original micro-hole mold

After the original mold of a micro-hole template was
produced by laser machining and micro-drilling technolo-
gies, a gas-assisted control machine was used to form the

Table 1 Mechanical quality

. (A:B) Test
measurement of main agent and

Tensile strength (MPa) Young’s modulus (MPa)

hardening agent (A: B) at 15:1 1

different proportions 5

3

Average value
10:1 1

2

3

Average value
5:1 1

2

3

Average value

0.98 1.34
1.02 1.23
0.93 1.36
0.98 1.31
1.09 1.63
1.15 1.62
1.21 1.58
1.15 1.61
1.78 1.83
1.67 1.78
1.76 1.82
1.74 1.81
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polymer film in the mold for micro-roll printing. Moreover,
the radius of the hole was regarded as the limited radius of
the spherical lens (R.) of the mold, and the contour of the
limited radius of the spherical lens was mainly used as the
mold in this study.

2.3 Roll printing uniformity testing of roller
and photoresist

In this section, a pressure sensitive adhesive film was used
for initial roll printing, and roll printing uniformity was
detected according to the color development of broken
microspheres. Regarding the selection of the photoresist,
UV-curable resins were used as the material for roll
printing and replication. In order to confirm and adjust the
system equipment to the optimum condition to achieve roll
printing uniformity, the pressure sensitive adhesive film
was put in the roller printing position to obtain its color
variation.
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Fig. 2 Two-stage multi-step microstructure mold forming and roll
printing process in this study

2.4 Steps of microstructure mold forming
and roll printing forming

The two-stage multi-step microstructure mold forming and
roll printing process is shown in Fig. 2. The first stage is
microstructure mold forming (2 steps), and the order is:
(a) install an array aperture roller and a polymer film of
appropriate thickness, (b) fill gas to control the polymer
film to pass through the aperture to form a mold. The
second stage is roll printing and forming, which includes 3
steps, and the order is: (c) place transparent substrates on a
transparent quartz roll printing mobile platform and coat it
with the UV curing photoresist, (d) uniformly press both
ends of the roller and drive the mobile platform, (e) carry
out roll printing and turn on the UV lamp for exposure,
curing, and forming.

Table 2 A complete simulated arc-shaped forming process window at
the aluminum case thickness of 0.3 mm

PDMS thickness (mm)

8 10 12 15 20

Diameter of holes 8 A A A A |
(mm) 10 A A | | O
12 A A | | O

15 A A | O O

20 A A | O O

l: PDMS forming exceeding the material limit
O: PDMS forming showing a perfect arc shape

A: PDMS forming showing a sharp shape (caused by PDMS fracture
or damage)

Table 3 A complete simulated arc-shaped forming process window at
the aluminum case thickness of 0.5 mm

PDMS thickness (mm)

8 10 12 15 20

Diameter of holes 8 A A | | |
(mm) 10 A A | [ | O
12 A A | | O

15 A A O O O

20 A A O O O

H: PDMS forming exceeding the material limit
O: PDMS forming showing a perfect arc shape

A: PDMS forming showing a sharp shape (caused by PDMS fracture
or damage)
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Fig. 3 Column height in forming the mold (as indicated by the arrow in the figure)
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Fig. 4 The radius of the semi-circular section of the 0.5 mm thick aluminum case is close to the radius of the hole
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Fig. 5 Under the condition of the aluminum case thickness of 0.5 mm, hole diameter of 20 mm, and PDMS thickness of 20 mm, the situation
that the radius of the semi-circular section is close to the radius of the hole is simulated

3 Results and discussion

3.1 Analysis of microstructure forming
simulation under gas-assisted control

In this section, aluminum was used as the template to form
the microstructure roller holes of the polymer film, PDMS
was used as the polymer film material, and the enclosed

arbor hole was filled with gas, in order to extrude the
polymer film out of the roller hole by gas pressure to form
the microstructure mold. The material parameters are, as
follows: for aluminum, Density = 2770 Kg m—3, Young’s
Modulus = 7100Mpa, Poisson’s ratio = 0.33; for the
PDMS polymer film, Density = 965, Young’s Modu-
lus = 1.72Mpa, Poisson’s ratio = 0.495.
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(b)

Fig. 6 Analysis of the formability of the microstructure lens mold of the 1/2-circle PDMS polymer film a stress distribution diagram, b stress

vector diagram

3.1.1 Simulation of the effects of aluminum-case rollers
of different thicknesses on the formability
of microstructure mold

In this section, at a fixed pressure of 0.06 Mpa under gas
assistance, and by simulating the PDMS mold at different
aluminum case thicknesses (0.3 mm, 0.5 mm), aluminum
case hole diameters, and with the full-circle PDMS poly-
mer film of different thicknesses, a complete arc-shaped
simulated forming process window was obtained, as shown
in Tables 2 and 3. According to the analysis results in
Fig. 3, when the aluminum case thickness is 0.3 mm, the
diameter is 20 mm, and the PDMS thickness is 15 mm, a
column height formed the mold (as indicated by the arrow

@ Springer

in the figure), and as the aluminum plate cannot bear the
force, it deforms. Moreover, if the holes are too close to
each other, the holes will pull each other during testing,
which results in incomplete forming. In addition, a perfect
arc surface can be obtained when the aluminum case
thickness is 0.5 mm, the hole diameter is 20 mm, and the
PDMS thickness is 12 mm. Based on the scale, the radius
of the semi-circular section in the figure is close to the
radius of the hole, which is 10 mm, as shown in Fig. 4.
When the aluminum case thickness is 0.5 mm, the hole
diameter is 20 mm, and the PDMS thickness is 20 mm, it
indicates that the aluminum case with a thickness greater
than 0.5 mm is a better choice, as shown in Fig. 5.
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(a)

(b)

Fig. 7 Analysis of the formability of the microstructure lens mold of the full-circle PDMS polymer films a stress distribution diagram, b stress

vector diagram

3.1.2 Simulation of the effects of PDMS polymer films
of different laying degrees on the formability
of microstructure mold

This paper studied the R2P system. As the rolling printing
platform has limited range, the platform moves back and
forth in the actual operation of roll printing. In order to
improve the output efficiency and eliminate idle running
time, this section compares the formability of the
microstructure lens mold of 1/2-circle and the full-circle
PDMS polymer films. Under the simulated conditions of
aluminum  case  thickness = 1 mm, hole diame-
ter = 10 mm, and PDMS (10:1) thickness = 20 mm, the
same gas pressure is used to assist forming. According to
the simulation results, the microstructure lens mold formed

by the 1/2-circle PDMS polymer film is smaller, smoother,
and has lower stress distribution than that formed by the
full-circle PDMS polymer film, as shown in Fig. 6. Based
on the scale, the radius of the lens is 5 mm. In addition, the
lens of the completely laid PDMS polymer film is conical
and has a high stress distribution, as shown in Fig. 7. This
study concludes that there is insufficient space to form the
edge of the microstructure lens mold when the completely
laid PDMS is used for printing. While the pressure can
completely extrude the polymer film to reach the required
height at the hole, as there is extra space at the edge of the
1/2-circle model, it releases the pressure, and the formed
microstructure lens mold is low in height.
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Fig. 8 Roll printing and forming of a microlens array structure
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Fig. 9 Optical analysis of a microlens array structure

3.2 Discussion of roll printing formability
and the measurement of optical uniformity

The original mold of the microstructure hole template, as
obtained by laser machining technology, formed a mold
with gas-assisted control for this roll printing experiment.
According to the results, a uniform microstructure can be
obtained after the pressure of the roll printing is set at
0.08Mpa, as shown in Fig. 8. In addition, optical testing
was conducted on the roll printing lens array, and the
optical analysis results are consistent, as shown in Fig. 9,
which demonstrates that the system process in this study
can successfully regulate the microstructure mold, and
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achieve stable replication forming by regulating its feature
size.

4 Conclusions

This study used flexible polymer materials in large-area
roll printing to control the curvature feature size of the
microstructure mold array of polymer materials through
system-developed equipment and gas-assisted molding
processing. It developed a curvature-adjustable flexible
polymer mold roll printing system, and conducted unifor-
mity testing. The original micro-holes were made in rollers
by laser machining technology and micro-drilling tech-
nology. PDMS was adopted as the polymer film material.
Regarding the process technology, the polymer film was
extruded out of the roller hole to form a microstructure
mold at a certain gas pressure. According to the analysis of
the forming simulation of the forming process window of
microstructure mold at different aluminum case roller
thicknesses, in this study structure, the perfect arc surface
was obtained when the aluminum case thickness was
0.5 mm, the hole diameter was 20 mm, and the PDMS
thickness was 12 mm. In addition, the microstructure lens
mold formed by the 1/2-circle PDMS polymer film was
smaller, smoother, and had lower stress distribution than
that formed by the full-circle PDMS polymer film. Finally,
as demonstrated by the formability discussion and the
measurement of optical uniformity, optical testing was
conducted to the roll printing lens array in this process
system. The optical analysis results were consistent.
Overall, the system process in this study successfully reg-
ulated the microstructure mold, while the simulation
method provided an effective evaluation of microstructure
roll printing and replication. The results achieved
stable replication forming by regulating the feature size,
thus, this study provides an innovative microstructure
process technology.
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