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Abstract: This research integrates the stable pressuring of the flat surface of roll-to-plate (R2P)
imprinting, the fast production features of roll-to-roll (R2R) imprinting, and compound layer ring-
type microstructure mold cavity manufacturing technology. Using the compound multilayer method
with air molecule assistance, the stability of the roller imprinting process is enhanced. In addition,
with precision modulation of the triangle roll-to-plate (TR2P) system, a stable microstructure roller
imprinting manufacturing process is achieved. The experimental results indicate that the developed
triangle roll-to-plate system can stabilize the imprinting process of the continuous microstructure
array components. Also, by modulating the angles of the roller axis and the ring, the exterior
features of the microstructure can also be adjusted. Gas-molecule-assisted continuous pressuring
effectively elevated the roll imprinting angle and continuous pressuring time and reached a high
replication rate of 99.14%. The optical waveguide microstructure component produced by this process
and the average waveguide propagation losses of approximately 1.2~1.4 dB/cm show that it has
optical stability and transparency after optical testing. The research proves that the manufacturing
process can effectively provide an innovative process for the equipment and application of the
microstructure component.

Keywords: triangle roller; roll imprinting; microstructure; microsystem; waveguide

1. Introduction

With the rapid advancement of science and technology, developing compact and
lightweight wearable consumer electronic products and high-speed micro-components
has become one of the main directions for research and development. The technology of
the microsystem component manufacturing process is usually used in advanced scientific
technology industries such as microsystems, opto-mechatronics, biomedicine, display mon-
itors, opto-electrics, optics, and information communication. Microsystem components
are usually used as the key to enhancing product efficacy and bringing scientific products
into reality, for example, in the array grating, phased-array lens, diffusion membrane, and
light guide plate of the backlighting modules of LCD monitors; the microchannel structure
used for examining diabetes or cancers in biomedical engineering [1–3]; and the micro-lens
structure [4–12] for capturing images in the 3C industry. Optical waveguide components
have been applied in microsystems to transmit optical signals. Arrayed waveguide grating
is a primary research focus that has been applied in the passive components of consumer
electronics. Currently, waveguides are produced using semiconductor processes such as
chemical vapor deposition (CVD) and reactive ion etching (RIE). In addition, the inter-
mediate core layer, with a high refractive index, and the external cladding layer, with a
low refractive index, must be considered in the production of optical waveguide compo-
nents so that the light can be stabilized when transmitting optical signals within the core
layer. The technology of the manufacturing process for micro-nano imprinting, in terms of
forming technology, can be classified into the following three types: plate-to-plate [13,14],
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roll-to-plate [15–19], and roll-to-roll [20–30]. Each type has its own appropriate situation for
application and advantages and, of course, disadvantages. The advantages are described
above. As for disadvantages, one example is uneven pressure during imprinting in the
P2P type. Also, the speed is limited for the R2P and R2R types because retardant flow
filling during the process of roll imprinting forming is affected by the viscosity, level of
microstructure, roll imprinting temperature, and degree of forming force, which results
in a minimum required time for filling in order to complete the entire roll imprinting
duplication. Thus, it is impossible to achieve the demand for immediate adjustment and
fast mass production. This research focuses on the development and application of an
optical waveguide microstructure component manufacturing process for triangle roll-to-
plate imprinting. In the process of continuous roller printing mass production, the system
controlling the pressure stability of the roller printing process is important because the
microstructure components are affected by rebound and elastic recovery factors in the
forming process. Therefore, before forming is completed, the single roller structure must
roll at a very slow speed to ensure the high replicative formability of the microstructure
feature size, but this will fail to meet the requirements for mass production. However, if
belt-type surface contact roller printing is used, the continuous pressure retention of the
middle area of the rolling belt is not considered, so the pressure must be ensured before
forming. The present roller printing forming system cannot yet effectively overcome this
problem; therefore, it is an urgent problem in current academic research. This study aims to
use optical waveguide components as the microstructure components for the development
and testing of the proposed system and to utilize the innovatively developed process tech-
nology for the roller printing of arrayed optical waveguide components. The self-installed
light loss detection system is applied to detect the light loss, so as to check the stability of
the novel manufacturing process of the triangle roller imprinting system. All of the above
are problems that need to be addressed and explored.

In summation, this research undertakes the exploration of innovative design develop-
ment and application using the compound multilayer method with air molecule assistance
to enhance the stability of the roller imprinting process. In addition, by improving the
precision modulation of the triangle roll-to-plate (TR2P) system, a stable microstructure
roller imprinting manufacturing process is achieved. Improving the manufacturing pro-
cess of microstructure triangle R2P imprinting can provide another effective innovative
technology in the manufacturing process for microsystem and microstructure components
with relevant results.

2. Materials and Methods
2.1. Basis for Equipment Design for Triangle Roller Manufacturing Process

To prevent the equipment from deformation during the down-pressing process in the
research, a design for the minimal roller diameter is necessary. Because the research was
conducted using a continuous manufacturing process of a micro-nano microstructure, it
was necessary to undertake even more precise design evaluations before manufacturing a
roll imprinting system in order to prevent deformation or damage to the roller from too
great of a shearing force, which would produce discrepancies or inaccuracies during the
imprinting process. By employing the distortion energy theory as a basis for the shearing
force design of endurance strength, the shearing force on the triangle roller during down
pressing could be determined.

2.1.1. Distortion Energy Theory to Estimate Roller Design

In this part, the main discussion is on gas assistance to propel the pneumatic cylinders
to produce a thrust that pushes the roller at both ends as the down force of the roll
imprinting process. The ends of the roller contain bearings, so the down force will not
interfere with the turning of the roller, as illustrated in Figure 1.
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Figure 1. Gas-assisted propelling of pneumatic cylinder drive rod to work on both ends of the roller
to actuate triangular roll-to-plate (TR2P) imprinting.

There is a shearing force produced while applying a down force. Roll imprinting that
applies force on both ends of the roller produces a shearing force. According to the design
principle of material mechanics, the maximum shear at the roller (τmax) can be expressed as:

τmax = 4V/3A

where V: vertical shear force and A: area of the cross-section of the roller.
At the same time, taking into account the stress concentration (K), our research used a

ball bearing with a sharp fillet. In terms of stress concentration, this research set K = 2.5;
thus, the maximum shear of the roller can be revised to:

τmax = K(4V)/3A

This research uses the distortion energy theory as a basis for the design of endurance
strength. According to the von Mises–Hencky theorem, because the design of the roller
uses a ductile material (aluminum), the basis of the design for the safety range is within the
following disruptive standard line formula (Figure 2):
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(
σx − σy

)2
+
(
σy − σz

)2
+ (σz − σx)

2 < 2σys
2

In terms of plane stress (σz = 0), the disruptive standard line formula of the distortion
energy theory is as follows:

(σ1)
2 − σ1σ2 + (σ2)

2 = σys
2
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The resistance to the loading of the safety factor (SF) ratio,

σ1/σ2 =σx/σy is then

σ1 = σxσy/
√

σx2 − σxσy+σy2

SF = σ1/σx = σy/
√

σx2 − σxσy+σy2

A steady torque is defined as σx = −σy, σz = 0, and τy = σx.

τdesign = σy/
√

3τmax = 0.557σys

σys
′ denotes that σys has taken into account other situations of endurance:

SF = 0.557σys
′/τmax

K(4V)/3A = 0.557σys
′/N, setting K = 2.5

SF = 0.1732σys
′(A)/V

Because the cross-sectional area of the roller is A = πD2/4, the designed roller is as
illustrated in Formula (1):

D =
(
7.35(V)(SF)/σys

′)1/2 (1)

where D is the diameter of the roller shaft.

2.1.2. Constructing an Adjustable Thermal Cavity Tensile Test System to Precisely
Calculate the Minimum Roller Diameter to Prevent Micro-Distortion

The interference with precision due to the number of operations and the increased
roller temperature during the manufacturing process in actual operation must be reflected.
For this part of the research, we constructed an adjustable thermal cavity tensile test system
(Figure 3) to conduct tensile testing to derive the yield stress range of the roller material to
meet safety standards.
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The research initially employed tensile experimental testing under non-isothermal
experimental parameters of 30, 40, 50, and 60 degrees on an aluminum roller material. The
results showed that the maximum yield stress for aluminum was σys = 137 MPa, and the
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minimum yield stress within the above temperature range was σys = 110 MPa. At the same
time, this research set the safety factor (SF) at 3 and the estimated air pressure at no greater
than 10 N. Inserting these settings into the formula above, the D values become 1.269 mm
and 1.415 mm.Therefore, in order to prevent micro-distortion on the roller, the diameter of
the designed roller must be greater than 1.415 mm.

2.2. Gas-Assisted Continuous Pressure Theory and Design Plan
2.2.1. Gas-Assisted Continuous Pressure Theory

In order to reduce rebounding and make roll imprinting more precise, this research
adopted gas molecule-assisted continuous pressuring based on the gas kinetic formula and
assumed the unit mass of gas (m) and its velocity (V1) collided with the belt at high speeds
(relative unit area), creating continuous contact between the belt and roll imprinting belt.

When
t = t1, then V = V1
t = t2, then V = V2

The initial momentum of a single gas molecule plus the increased/decreased impulse
momentum during the time interval from t1 to t2 (where t1 is the starting time of the
gas molecule touching the belt and t2 is the ending time with the belt) equals the end
momentum, as Formula (2) demonstrates:

∑
∫ t2

t1

⇀
F dt =

∫ V2
V1

dV = mV2 −mV1

m
⇀
v1 + ∑

∫ t2
t1

⇀
F dt = m

⇀
v2

(2)

If this is based on x, y, and z coordinate vectors, the following three pure scalar
formulas are derived:

mgas(Vx)start + ∑
∫ t,end

t,start
Fxdt = mgas(Vx)end

mgas
(
Vy
)

start + ∑
∫ t,end

t,start
Fydt = mgas

(
Vy
)

end

mgas(Vz)start + ∑
∫ t,end

t,start
Fydt = mgas(Vz)end

If G is the center of mass of the gas (down pressure), then
because mall−gas = ∑ mgas

mgas
⇀
rG = ∑ mgas

After differentiating, Formulas (3) and (4) are derived:

mgas
⇀
VG = ∑ mgas

⇀
Vi (3)

mgas(VG)start + ∑
∫ t,end

t,start

⇀
F idt = M(VG)end (4)

Assuming
m: mass of a single molecule;
m′: mass of the relative area of the belt that the gas molecule is colliding with; and

m′′ = m + m′

then
mV1 + m′V′ = m′′V ′′



Processes 2023, 11, 2888 6 of 16

In addition, our study takes asymmetrical roll imprinting into consideration because
the system can control the velocity of the gas (V). Therefore, with the concept of moment
of momentum as the principle of the asymmetrical forming of the system, the value of
the torque and the angle of the slanted roll imprinting can be derived. The moment of
momentum (Ho) is illustrated in Formula (5):

(H o)z = (d)(mV)

Ho =
⇀
r ×m

⇀
V =

∣∣∣∣∣∣∣
⇀
i

⇀
j

⇀
k

rx ry rz
mVx mVy mVz

∣∣∣∣∣∣∣ (5)

The torque at point O (
⇀

Mo) from the force of the gas can be deduced (assuming the
mass of the gas molecule remains constant) as shown in Formula (6):

∑
⇀
F = m

.
⇀
V;

∑
⇀

Mo =
⇀
r ×∑

⇀
F =

⇀
r ×m

.
⇀
V

.
⇀
Ho =

d
dt

(
⇀
r ×m

⇀
V
)
=

.
⇀
r ×m

⇀
V +

⇀
r ×m

.
⇀
V

.
⇀
r ×m

⇀
V = m

( .
⇀
r ×

.
⇀
r
)
= 0

then, ∑
⇀

Mo =

.
⇀
Ho

(6)

The above formula also explains the rate of change in angular momentum versus time
at point O, which is also the torque that leads to asymmetrical imprinting.

2.2.2. Analysis of Gas Molecule Pressuring System and Design Selection

This part of the research adopted analysis software to undergo simulation design
analysis of the gas molecule pressuring system for the gas pressure and gas flow. As the
basis of the design selection, the flow rate of the stabilized pressure for the simulation
was set at 26–27 m/s. This research designed gas molecule pressuring array-type and
radial-type systems for gas outlet distribution (specifications: 130 mm × 100 mm × 10 mm,
thickness: 3 mm), as illustrated in Figure 4.
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The diameter for the air inlets was 7 mm, and the diameters for the air outlets were
1 mm and 2 mm, to be distributed evenly at the bottom. The results of the simulations
showed that the radial-type system had a better pressure distribution of gas molecules
(Figure 5) and was thus used as the pressuring system.
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2.3. Equipment Development and Construction of the Manufacturing Process: Construction and
Material Selection for the Microstructure Mold

The manufacturing process equipment developed in this research (Figure 6) was
designed to have stable imprinting pressure. Figure 7 presents the results of the imprinting
uniformity testing and the testing of the soft plate in non-structural ring belt imprinting
and gas pressuring in the middle area.
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result of gas molecule-pressured soft plate.

A micro-electric manufacturing process was used to produce a middle-beam mi-
crostructure array (this is not discussed here due to its commonality) with multilayer
casting to create a compound layer ring belt microstructure mold. The compound ring belt
will prevent distortion of the microstructure from tensile stress and shear during the roll
imprinting process. The ring belt microstructure mold was then installed on the triangle
roller. In addition, the exposure curing system had edge lighting as the direction of light.

2.4. Exploration Examining the Mechanical Properties of the Compound Ring Belt
Microstructure Mold

In this part of the research, we made a compound ring belt from PDMS compound
carbon fiber layers and derived the average maximum tensile strength of 1157.22 MPa after
tensile testing (Table 1) to prevent stretching distortion from too great a driving force during
triangle roller imprinting. Moreover, after nano-indentation testing, the pure PDMS (10:1)
elastic modulus was 1.85 MPa. In addition, the average indentation elastic modulus of the
carbon fiber compound ring belt due to the base effect of the carbon fiber was increased to
5.016 MPa after nano-indentation testing (Table 2).

Table 1. PDMS (10:1) compound carbon fiber ring belt.

Test (Times) Young’s Modulus (MPa)

1 1123.36
2 1102.34
3 1202.31
4 1104.56
5 1187.38
6 1202.39
7 1178.15

Average 1157.21
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Table 2. Compound carbon fiber ring belt nanoindentation testing.

Test (Times) Nanoindentation Elastic Modulus (MPa)

1 4.82
2 4.58
3 5.04
4 5.31
5 5.33

Average 5.016

Temperature (◦C) Test (Times)
Nanoindentation elastic modulus (MPa)

Data Average

30
1 4.89

4.91
2 4.93

40
1 4.95

4.985
2 5.02

50
1 5.01

5.07
2 5.13

60
1 4.95

5.08
2 5.21

70
1 5.23

5.33
2 5.43

After testing at different temperatures (30 ◦C, 40 ◦C, 50 ◦C, 60 ◦C, and 70 ◦C), all
were higher than the pure PDMS elastic modulus; thus, providing strength to the mold’s
microstructure would help to maintain the integrity of the microstructure during the roll
imprinting process.

2.5. Procedure and Mechanism of Triangle Roller Imprinting and Reversal Imprinting Processes

The procedure of roll imprinting in our research was conducted in the following order:
(a) Install a microstructure ring belt adjusted to proper tightness. (b) Place a photoresist
agent on the substrate. (c) Adjust the pressure needed, the angles of the microstructure ring
belt, and the relative parallel and non-parallel angles between the substrates. Start triangle
roller imprinting and turn on the UV light for curing at the same time. (d) Turn off the UV
light and remove the mold to produce a microstructure product. The difference between
the reversal imprinting process and roll imprinting is seen at Step (b), where the photoresist
agent was provided to the belt microstructure by a fill-scraping system to undergo the
imprinting transfer. Steps (c) and (d) are the same. At the end, conduct reactive-ion etching
(RIE) to remove the residual photoresist agent and arrive at the product, as illustrated in
Figure 8.
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Figure 8. The procedure of roll imprinting: (a) Install a microstructure ring belt adjusted to the proper
tightness. (b) Place a photoresist agent on the substrate (roll imprinting and reversal imprinting
process). (c) Adjust the pressure needed, and the angles of the microstructure ring belt, and the
relative parallel. Start triangle roller imprinting, and turn on UV light for curing at the same time.
(d) Turn off the UV light and remove the mold to produce a microstructure product.

3. Results and Discussion
3.1. Analytical Exploration of the Distribution of Ring Belt Pressure

In this part, the ring belt stress and stress distribution simulation (equivalent stress
and vector principal stress) were undertaken by setting a 10:1 ratio of the main agent to
a hardener in the PDMS (PDMS simulation parameters: density: 965 kg/m3; Young’s
modulus: 1.72 MPa; Poisson’s ratio: 0.495) using an aluminum roller (aluminum simulation
parameters: density: 2775 kg/m3; Young’s modulus: 71,100 MPa; Poisson’s ratio: 0.325)
with a diameter of 30 mm and length of 150 mm. Figure 9 shows the results of the
experiment with three groups of simulations using a PDMS thickness of 5 mm. For the
Group A simulation, the right roller pressure was set at 0.02 MPa. For the Group B
simulation, the left and right roller pressures were set at 0.02 MPa. For the Group C
simulation, the left and right roller pressures were set at 0.02 MPa, and the middle area
under pressure was set at 0.02 MPa.
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Figure 9. Stress of ring belt roll imprinting and simulation of stress distribution: (a) the right roller
pressure was set at 0.02 MPa; (b) the left and right roller pressures were set at 0.02 MPa; and (c) the
left and right roller pressures were set at 0.02 MPa, and the middle area under pressure was set at
0.02 MPa.

After analysis, the pressure distribution was more even and stable in the Group C
simulation and performed better in terms of distortion after roll imprinting than those of
the Group A and Group B simulations.

3.2. The Inference of Triangle Roller Imprinting Mode on Forming Rate of Roll Imprinting

In this part of the research, three modes were employed. Model A: single-side roller
pressuring, Model B: double-side roller pressuring, and Model C: double-side roller pres-
suring combined with uniform gas pressuring in the middle area of the ring belt (Figure 10).
Table 3 and Figure 11 infer the replication forming rates of the three roll imprinting modes
under the same experimental parameters.
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B, and (c) Model C.

Table 3. Inference of replication forming rate by three types of roll imprinting modes.

Model

Replication Forming Rate
Average (Replication Forming Rate)Test (Times)

1 2 3 4 5

A 96.8% 95.3% 96.2% 94.7% 95.3% 95.66%
B 97.0% 95.7% 96.2% 97.4% 95.8% 96.42%
C 98.5% 99.3% 99.1% 99.5% 99.3% 99.14%
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The results of the experiment showed that the forming rate and replication rate of
the microstructure in Model C were the highest, Model B the second highest, and Model
A the lowest. The forming rates were different because the range between the entering
imprinting angle and exiting imprinting angle can be viewed as the total forming angle in
the roll imprinting process. In Model C, after the roller exited out of the total angle, there
was still continuous forming pressure on the middle area of the ring belt providing the
force needed to stop the rebounding of the formed microstructure, indirectly elevating
the exiting angle and increasing the total angle. Therefore, there was more forming time
under the fixed rpm. From Table 3, the replication rates of Model C were 3.48% and 2.72%
higher than those of Model A and Model B, respectively. The replication rates of Model
A and Model B were closer to each other, with only a 0.76% difference. Although Model
C can achieve a replication rate as high as 99.14%, it still needs 0.76% to reach a 100%
complete replication rate. One reason might be, in the opinion of the researchers, that the
roll imprinting forming and UV curing time (position) occurred too early in that part of the
process. Thus, the photoresist agent absorbed the UV light before roll imprinting forming,
resulting in premature cross-link curing of the molecular bonding. Furthermore, when the
maximum gas-molecule-assisted force is no greater than the roller force in the middle area
of the ring belt, it will help elevate the microstructure replication rate as the gas-assisted
uniform force is increased.

3.3. The Inference of Triangle Roller Imprinting on the Roll Imprinting Forming of the Ring Belt
and Substrate with an in-between Angle

This part of the research mainly explores Models A, B, and C of the above section to
achieve a large area of grayscale array of micro-junctions by providing an angle between
the ring belt microstructure array and the tilting of the substrate for roll imprinting forming.
The imprinting transfer angle is derived by examining the product, checking the depth
hn of the roll imprinting, and measuring the length Ln of the area of distribution of the
microstructure. Through triangulation calculations, the tilting angle after roll imprinting
can be derived using Formula (7) (Figure 12).
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Figure 12. Inclined angle measuring method before and after roll imprinting.

The results of the experiment were that the average replication rate of Model A was
80.638%, of Model B was 85.56%, and of Model C was 96.428%, as illustrated in Table 4.

Table 4. Inference of grayscale replication forming rate by three types of roll imprinting mode.

Model

Replication Forming Rate
Average (Replication Forming Rate)Test (Times)

1 2 3 4 5

A 78.82% 80.83% 83.21% 80.45% 79.88% 80.638%
B 83.73% 85.75% 87.44% 83.53% 85.35% 85.56%
C 94.73% 97.37% 96.32% 96.75% 96.97% 96.428%

The results indicate that Model C still had the best forming rate in terms of grayscale
angle (inclined angle, θn). The replication rate of the angled roll imprinting process is
given by:

θn = tan−1
(

hn

Ln

)
(7)

where θn is the inclined angle of the microstructure mold.

3.4. Measurement of Optical Waveguide and Light Loss of Triangle Roller Imprinting

The feasibility of the optical waveguide component and light loss of the triangle roller
imprinting was explored. Using a silicon wafer as the substrate, LPCVD sedimentation
silicon dioxide as the buffer (power: 10 W; gas: SiH4/N2O; pressure: 0.6 torr; time: 300 min),
and UV curable mr-L6000 polymer as the core layer material. Using Model C designed in
this research, roll imprinting was executed. A PMMA material (molecular weight: 120 K;
solvent: toluene; concentration: 14% wt) was used for the upper cladding to produce an
optical waveguide component, as illustrated in Figure 13.
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to remove residual photoresist layer, and (c) upper cladding (PMMA).
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Under the scale of the asymmetric mid-beam optical waveguide component of the
experiment, light loss was measured using the researchers’ own measurement system
(Figure 14).
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Better light loss performance could be achieved using this manufacturing process as
compared to that of a gas-assisted light-curing process. Light loss calculations are shown
in Formula (8):

Propagation loss of ridge optical waveguides (dB) = 10 log
( Pinput

Poutput

)
(8)

where
Pinput: Power at the light propagation input end before entering the optical waveguide.
Poutput: Power measured at the output end after the optical waveguide.
The average propagation loss of waveguides was approximately 1.2~1.4 dB/cm. There

was less light loss and better light luminosity (Figure 15) because there were fewer defects
inside the microstructure, resulting in a more complete imprinting transfer.
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4. Conclusions

This research focused on the development and application of a manufacturing process
for triangle roller imprinting in which the distortion energy theory was used as the basis
for designing the safety of the roller in terms of the endurance strength of the shearing
force. In addition, an adjustable thermal cavity tensile testing system was constructed
to calculate the minimum roller diameter that could prevent distortion and predict the
exterior form of the microstructure formed from tilted roll imprinting of the triangle
roller manufacturing process. In addition, a simulation analysis of gas-molecule-assisted
continuous uniform pressing was conducted. At the same time, the research system’s
equipment was constructed. The carbon fiber compound layer ring belt microstructure
maintained the structural integrity of the mold during the roll imprinting process, which
was assisted by edge lighting to form the microstructure. The results of the experiment
showed that among the three roll imprinting models, the gas-molecule-assisted continuous
pressuring model effectively elevated the roll imprinting angle and continuous pressuring
time and reached a high replication rate of 99.14%, while forming was achieved through
optical waveguide component imprinting transfer. The average waveguide propagation
loss was approximately 1.2~1.4 dB/cm, indicating that excellent light loss results were
attained after examination.
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