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Abstract

Hot embossing (HE) is a micro-manufacturing technique used to develop micro and nano-scaled patterns over a polymer
workpiece. The traditional-HE process is only partially implemented in micro-manufacturing industries owing to limita-
tions like low productivity due to batch-wise manufacturing and high processing time. But presently, the demand for large-
area patterned polymer substrate is rising due to its applications in diverse areas like displays, micro-lenses, anti-reflection
films, micro-fluidic devices, self-cleaning surfaces, etc. Therefore, the traditional hot embossing (HE) process has been
modified to the roller hot embossing (RHE) process to meet the increased demand. The RHE process is categorized into the
roll-to-plate (R2P) and roll-to-roll (R2R) process. The present paper comprehensively reviews the different advancements
in setups of the roll-to-plate (R2P) and roll-to-roll (R2R) hot embossing for large-scale fabrication of micro and nano-sized
patterns over the polymer substrate. The graphical, numerical and statistical analysis shows that majorly ultraviolet (UV)
lithography/X-ray lithography/electron beam lithography followed by Ni-electroplating/reactive ion etching/wet etching
are the most commonly utilized techniques for mold manufacturing. But due to its complexity, researchers have slowly
moved towards non-conventional machining processes for mold fabrication i.e., micro-EDM, micro-milling etc. According
to a graph showing the percentage distribution of work associated with recent advancements in roller hot embossing, the
thermal assisted R2R-HE is the most popular, followed by UV aided R2R-HE, and inductive aided R2R-HE, respectively.
The thermal assisted R2R-HE contributes 36% of total innovations in RHE followed by UV aided R2R-HE (14%), and
inductive aided R2R-HE (10%).

Abbreviations PC Polycarbonate

R2R-HE Roll to roll hot embossing PET Polyethylene terephthalate

R2P-HE Roll to plate hot embossing CcoC Cyclic-olefin-copolymer

HE Hot embossing FEA Finite element analysis

uv Ultraviolet EDM Electric discharge machining

IR Infrared FIB Focused ion beam

T, Glass transition temperature AAO Anodic aluminium oxide

T, Room temperature ECDM Electro chemical discharge machining

T, Embossing temperature EBW Electron beam writing

T Melting temperature PCB Printed circuit board

Pe Embossing pressure UV/X-ray/ UV lithography/X-ray lithography/ Elec-
n Micro EBL tron beam lithography

R, Surface roughness NE/RIE/WE  Ni electroplating/ Reactive ion etching/Wet
PMMA Polymethyl methacrylate etching
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biomedical, and MEMS (micro-electro-mechanical sys-
tems). The most common approaches to fabricate micro
patterns on polymer substrates are micro-injection molding
(Piotter et al. 2002; Su et al. 2003; Shen et al. 2007; Huang
and Tai 2009; Kim et al. 2013a) and hot embossing
(Heckele et al. 1998; Juang et al. 2002a, b; Li et al. 2005;
Pan and Su 2008a, b; Wong et al. 2010; Weng et al. 2011;
Park et al. 2011). Compared to micro-injection molding,
reduced residual stresses in the end product were observed
through hot embossing. In addition, the temperature devi-
ation in hot embossing (HE) is lower in contrast to micro-
injection molding (Heckele et al. 1997; Schift et al. 2000;
Mekaru et al. 2004; Wu and Kuo 2007).

Hot embossing (HE) is a micro-manufacturing method
mainly used to fabricate micro(u)/nano-scaled patterns
over a heated thermoplastic polymer by applying optimum
pressure on the mold (Jaszewski et al. 1998; Becker and
Dietz 1998; Scheer and Schulz 2001). Hot embossing is
categorized into two groups: traditional hot embossing and
roller embossing. The polymer web/substrate is positioned
over the hot plate/bottom plate heated via a pencil heater in
traditional hot embossing. This polymer web/substrate is
positioned beneath the micro-patterned mold, and during
the embossing stage, the optimum value of pressure was
applied over the mold. Consequently, the micro-patterns
over the mold are replicated over the polymer web/sub-
strate (Becker and Heim 2000; Worgull et al. 2005, 2006;
Kolew et al. 2011; Deshmukh and Goswami 2020b). The
traditional hot embossing (HE) system is illustrated in
Fig. la. There are various micro-manufacturing processes
like UV/X-ray/electron beam lithography (EBL) followed
by nickel electroplating or reactive ion etching (RIE)
(Chien 2006; Mappes et al. 2008; Wu et al. 2010b; Schelb
et al. 2011; Yang et al. 2014), micro-milling (Gerlach et al.
2002; Hupert et al. 2006; Forfang et al. 2014; Zhang et al.
2014a), micro-electric discharge machining (u-EDM)
(Kimerling et al. 2006), focused ion beam (FIB) machining
(Bhavsar et al. 2012; Goswami et al. 2017, 2018), laser
engraving (Niino et al. 2004; Cheng et al. 2014; Zhu et al.
2017; Deshmukh and Goswami 2020a), electric discharge
machining (EDM) (Ali and Mohammad 2009; Li et al.
2018), CNC-Milling (Gomez et al. 2014), wire electric
discharge machining (WEDM) (Li et al. 2020), electro-
chemical discharge machining (ECDM) (Kumar et al.
2020), etc. that the researchers have used for fabricating
micron-sized patterns over the surface of the mold. In
addition to this, the micro-sized patterns can also be
developed through 3-D printing (Lin et al. 2017), anodic
aluminum oxide process (Wu et al. 2010a; Chuang et al.
2018), and polydimethylsiloxane (PDMS) casting (Kim
et al. 2013b). Recently a variety of different molds have
been used for embossing. Notable amongst them are
micron-scaled hot wire, i.e., metal wire with micron-scale
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diameter heated above Tg of the polymer workpiece (Gan
et al. 2010), printed circuit board (PCB) (Chee et al. 2013),
elastomeric mold(Zhong et al. 2018) and shark-skin(Park
and Kim 2014) having randomly arranged rib patterns
which helps them in faster and more efficient swimming;
have been directly used as a mold in traditional hot
embossing.

The literature review concludes that the traditional hot
embossing (HE) is a low throughput process due to limited
patterning area, batch-wise operation, and long processing
time. In addition, in traditional hot embossing, the pressure
exerted throughout the embossing is shared non-uniformly,
which influences the precision of the embossed micro-
patterns (Deshmukh and Goswami 2021). To overcome
these issues, researchers have designed and developed
various setups like gas-pressurized hot embossing (Chang
and Yang 2003; Chang et al. 2006a; Hocheng et al. 2008;
Wan et al. 2016), micro (u)-powder hot embossing (HE)
(n-Powder HE) (Sahli et al. 2010; Sahli and Gelin 2013;
Zhang et al. 2013, 2015; Emadinia et al. 2020), inductive
hot embossing (Nian et al. 2016; Shih et al. 2017; Kao et al.
2020; Deshmukh and Goswami 2022), hot fluid-based hot
embossing (Chang and Yang 2005), laser-assisted hot
embossing (Kurita et al. 2018), infrared-based hot
embossing (Chen et al. 2014), ultrasonic hot embossing
(UHE) (Mekaru et al. 2007, 2008; Jung et al. 2012, 2015;
Seo and Park 2012; Tsai et al. 2012; Qi et al. 2015, 2013;
Lee and Park 2014, 2016; Liao et al. 2015; Kosloh et al.
2017a, b; Zou et al. 2019; Sucularli et al. 2020), carbon-
dioxide based hot embossing (Yang et al. 2008; Huang
et al. 2009; Weng and Huang 2013), and low force hot
embossing (He et al. 2015), etc. Roller embossing is cat-
egorized into two types based on the heating of the polymer
substrate. The first one is thermally assisted roller
embossing, and the second one is UV roller embossing.
The setup of thermally assisted roller embossing and UV
roller embossing is depicted in Fig. 1b and c, respectively.

In thermally-assisted roller embossing, the roller mold is
usually heated with a heating coil, inductive/infrared hea-
ter, etc. The roller mold is generally designed by wrapping
the belt mold or flat mold having micro-patterns over it on
the roller or fabricating the micro (u)-patterns over the
roller surface directly. Then, the micro-patterns on the
roller mold are replicated/copied over the thermoplastic
polymer substrate/web by heating the roller mold higher
than the T, of the polymer substrate/web and applying an
optimum value of pressure over the roller mold. This is
because the thermoplastic polymer has a higher viscosity at
T,. Therefore, heat is usually added to increase the sub-
strate’s temperature beyond the T, to flow the polymer
material in the micropattern’s cavity over the mold under
the applied pressure. Polycarbonate (PC), PMMA (Poly-
methyl methacrylate), PE (Polyethylene), PS (Polystyrene),
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Fig. 1 a Traditional hot embossing, b Thermally assisted roller embossing, and ¢ Ultraviolet (UV) roller embossing (Dumond and Yee Low

2012)

PET (poly-ethylene-terephthalate), COC (cyclic-olefin-
copolymer) are some of the commonly used thermoplastic
polymer workpieces/web in the thermally-assisted roller
embossing.

In ultraviolet (UV) roller embossing, the UV-curable
resin having low viscosity is deposited over the polymer
web/substrate and cured through an UV light source
(Zhong et al. 2011; Song et al. 2015). Adding UV curable
resin coat over the substrate adds some external compli-
cations to the process. This external complication includes
the need for standardized deposition and spreading mech-
anism and maintaining the proper adhesion of the coat to
the substrate. These difficulties have been compensated by
performing the UV roller embossing at room temperature
and low embossing pressure. A dispensing device was
employed to spread the UV curable resin over the polymer
web (Ahn et al. 2006, 2007a). The thickness of the coating

was controlled through a doctor’s blade. The coating
thickness can be indirectly regulated by altering the dis-
pensing rate, the viscosity of the UV curable resin, the
diameter of the dispensing head diameter, and the poly-
mer’s web/ substrate feed rate. Alternately the coating of
UV curable resin may be applied over the polymer web by
using the coating roller. This coating roller is prepared by
dipping the roller into a basin of UV curable resin, but this
technique is less flexible for thickness control (Ahn et al.
2007b; Ahn and Guo 2008, 2009). The dispensing unit is
computer-controlled to coat an appropriate area of the
polymer substrate as per requirement. In UV roller
embossing, the roller mold is compressed against the sub-
strate coated through UV curable resin, followed by the
curing process. Monomers like acrylic or epoxies were
generally coated over the surface of the web. These
monomers absorb the UV light; that’s why polymerization
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reaction occurs. It alters the hardness as well as the flexi-
bility of coating of the UV curable resin. In addition to this,
reactive dilutants and special additives were added to UV
curable resin. It helps alter properties like viscosity, wet-
ting property for adhesion over specific polymer surface,
and polymer hardness after curing.

Furthermore, a fluorinated group in UV curable resin
enhances the anti-sticking property to avoid UV curable
resin sticking to the mold. The UV roller embossing has
been carried out at low pressure and ambient temperature;
soft embossing materials like polydimethylsiloxane
(PDMS) can be implemented for embossing, even though
conventional nickel molds to be commonly employed.
With its lightweight mold and substrate content, UV roller
embossing is a particular technique that is nearly robust.
With the commonly known caution, at least one mold or
workpiece/web needs to be translucent to UV light such
that the resin is fully cured.

There are a few similarities and differences between
traditional hot embossing and roller embossing. The simi-
larities are summarized as follows-

(1) Both methods use a patterned mold to emboss the
micro-patterns over the substrate surface either by
utilizing the heat energy or the UV energy together
with the optimum value of pressure.

(2) In both methods, it is necessary to implement a
smooth mold with a lower surface roughness value
(R,) and flat polymer substrate to emboss the micro-
pattern without distortion in the features and avoid
partiality filling. In roller embossing, ideally, it is
necessary to implement the roller with no surface
waviness, but it is pretty challenging to obtain in
reality. In UV roller embossing, it is essential to coat
the polymer web/workpiece uniformly with the UV
resin; it is influenced by the flatness of the polymer
web/workpiece.

(3) For the traditional hot embossing and roller emboss-
ing, identical embossing media, i.e., polymer work-
piece, are used, but the roller embossing approaches
primarily focus on the embossing speed. Polyethy-
lene terephthalate (PET), PMMA (polymethyl
methacrylate), as well as PC (polycarbonate) are
mainly used as embossing media in both methods.
But in UV-assisted roller embossing and UV-assisted
traditional embossing, UV curable resin is used as
working media. In UV-assisted traditional hot
embossing, UV curable resin is coated over the
polymer workpiece through spin coating. While in
UV roller embossing, the UV curable resin is coated
over the substrate through inkjet printing or spray
coating or with the help of a coating roller. In both
methods, for high precision and filing of micro-
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cavities during embossing, it is necessary that the
working media, i.e., polymer substrate and UV
curable resin, should have an excellent viscoelastic

property.

There are also significant differences between continu-
ous roller embossing and the traditional hot embossing,
which are as discussed below:

(1) Inroller embossing, the necessary pressure is applied
exclusively along with the roller and the poly-
mer media contact line. While in traditional hot
embossing, pressure is applied over the mold. Thus,
the entire micro-pattern on the mold is replicated si-
multaneously over the polymer substrate. In tradi-
tional hot embossing, minor surface contour
variations between mold and polymer surface or
dust motes may affect the embossing area. This may
produce distortions in the embossed micropattern
and high-stress levels in the mold that cause
deformation or mold deterioration. In traditional
hot embossing, multiple tonnes of forces are applied
over the mold to replicate the whole micro-pattern
over the thermoplastic film. In roller embossing, the
force needed to transfer the micropattern is consid-
erably decreased due to the surface upon which
pressure is being exerted is much smaller. The
decreased force reduces the risk of mold warping
substantially, eases the design, and developed an
effective roller embossing setup.

(2) In traditional hot embossing, nonstick coatings are
commonly applied over the mold surface due to high
surface energy to reduce the deembossing force
during the deembossing stage. While in roller
embossing, just the line width underneath the roller
is embossed at any point, hence the forces needed to
separate the mold are significantly reduced. How-
ever, the non-stick coating over the mold surface is
restricted for the UV roller embossing because it may
lead to polymerization reaction with UV curable
resin. So in the case of UV roller embossing, it is
preferable to fabricate the mold with low surface
energy material like PDMS rather than metallic mold
to prevent deterioration of embossed micro-pattern
throughout the deembossing stage.

(3) Inroller embossing, even if air gets trapped between
the line contact of roller mold and polymer work-
piece, the applied pressure helps in squeezing it out
along an instant exit direction on all sides of the
contact line. In traditional hot embossing, if air gets
trapped underneath the mold area, there is no quick
exit route for the trapped air. This trapped air
generates an air bubble which ultimately distorts the
embossed micropatterns over the polymer surface.
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(4) Vertical deembossing for traditional hot embossing
is usually favored to mitigate the distortion of
structure and failure induced by shear stresses
exerted by the mold lateral resistance movement.
As such vertical deembossing is difficult in roller
embossing, deembossing becomes a separation flake
off the mold and polymer substrate at a particular
angle; it relies on the roller mold diameter. So it is
necessary to select the right diameter of the roller
mold.

(5) Some compromises are needed in the speed of roller
embossing to achieve precision in the embossed
micro-pattern. It is not usually feasible to achieve
nano-scaled accuracy in roller embossing with a
flexible mold because deformation and distortion
occur in the flexible mold during the deembossing
stage.

1.1 Motivation and contribution

Traditional-HE/Plate-to-plate-HE is only partly adopted in
micro-manufacturing companies because of few restric-
tions including poor productivity because of batch-wise
production and long processing times. Traditional hot
embossing is inadequate for applications needing a large
embossed area at a reasonable cost because of the restricted
embossing area. Because of this, hot embossed patterns
used in displays and microlenses, anti-reflection film,
backlight devices, and hydrophobic surfaces etc., cannot be
produced with traditional hot embossing. So, Roller
embossing was developed to address these concerns. This
review article provides detailed path for upcoming
researchers/scientists who want to work in the field of
roller hot embossing. This article describes various types of
roller hot embossing and how it differs from the traditional
hot embossing. This review article also deals with the latest
innovations in the roller embossing setups which have been
made to overcome few limitations/problems that were
observed in the initial stages of the roller embossing setup
development by different researcher groups. This review
gives brief idea about the commercial applications of roller
embossing in the various domains where it is mainly used.

The present article is structured as follows: the different
types of thermoplastic polymers utilized in the roller
embossing process and their deformation behavior during
the process is discussed in Sect. 2. Section 3 reviews the
detailed classification of roller embossing as per the tool
configuration and setup design. Section 4 discusses recent
improvements or adjustments made by researchers to
address several challenges (long cycle time and vis-
coelastic recovery) that were observed in the early stages of
roller embossing setup development. Section 5 summarizes

the commercial applications of roller embossing in the
various domains. The critical analysis of various roller
embossing setups i.e. their need, effectiveness and limita-
tions is discussed in Sect. 6. The direction for the future
research in the field of roller embossing is presented in the
Sect. 7. Section 8 concludes summary of review article in
graphical, numerical and statistical format. It is intended to
help the researchers/scientist/readers to analyze data rela-
ted to recent innovations in roller embossing in a concise
but comprehensive way. Finally few concluding remarks
are drawn in the Sect. 9.

2 Various polymers for the hot embossing
process and its deformation behavior

Generally, the thermoplastic polymer is mainly used as a
substrate during the hot embossing process. Thermoplastic
polymers are the most preferred materials for hot
embossing because of their inexpensive cost, lightweight,
low molding temperature, and wide range of thermal,
optical, and chemical characteristics. Amorphous polymers
and semi-crystalline polymers are the two types of ther-
moplastic polymers. Based on their thermal stability, each
group is further divided into three types: standard, techni-
cal, and high-performance polymer. The detailed classifi-
cation of thermoplastic polymer is shown in Fig. 2.
Amorphous polymer is most commonly used in optical
applications like Fresnel lenses, an optical diffuser, micro-
lenses, etc. An amorphous polymer has high transparency
compared to a semi-crystalline polymer. The most com-
monly served amorphous polymer as a substrate during hot
embossing are PC (polycarbonate), PMMA (Polymethyl
methacrylate). Due to crystalline part in semi-crystalline
polymer causes significant refraction it affects the trans-
parency. At the same time, the semi-crystalline polymer
has a highly chemical-resistant property. As a result, it is
mainly used to fabricate the microfluidic chip used for cell
culturing, DNA (deoxyribonucleic acid), and RNA (ri-
bonucleic acid) test, manufacture micro-container for oral
drug, micro-needles, etc. The most commonly used semi-
crystalline polymers in hot embossing are PP (Polypropy-
lene), PET (Polyethylene terephthalate), and PEEK (Poly-
ether ether ketone). The thermoplastic polymer has
viscoelastic characteristics, i.e., it shows the elastic as well
as viscous property.

During hot embossing, the thermoplastic polymer is
deformed in the three states glassy, rubbery, and flow
concerning temperature it is depicted in Fig. 3. The poly-
mer workpiece is deformed in the glassy region when the
working temperature is less than the T,. This deformation
is fully elastic and is caused by the lengthening of the
atomic distance. As the operating temperature rises and
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Fig. 2 Deta}led classification of Thermoplastic
thermoplastic polymer
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PE: Polyethylene, PET: Polyethylene terephthalate, PBT: Polybutylene terephthalate, POM:
Polyoxymethylene, PA: Polyamide, PP: Polypropylene, PEEK: Polyether ether ketone, LCP:
Liquid-crystal polymer, PS: Polystyrene, PC: Polycarbonate, PMIMA: Polymethyl methacrylate,
ABS: Acrylonitrile butadiene styrene, SAN: Styrene acrylonitrile resin, ASA: Acrylonitrile
styrene acrylate, PSU: Polysulfone, PEI: Polyethylenimine, PES: Polyethersulfone.
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Fig. 3 Deformation behavior of thermoplastic polymer with respect to
temperature during hot embossing (Peng et al. 2016)

goes beyond the T, the polymer substrate reaches the
rubbery region. The substrate takes on a rubber-like quality
in this region, becoming soft and acting like incompressible
rubber. The deformation of the polymer in the rubbery
region is caused by the localized displacement of the
polymer chain. Therefore, its stiffness is significantly
lowered, making the deformation of the polymer workpiece
much easier. Close to the T, vibration motion of polymer
molecule rises, and heat energy is enough to cover the
obstacle to transverse and longitudinal movement of the
polymer molecule. Therefore polymer molecules easily
travel from one lattice to the next lattice, resulting in a
material becomes rubbery. As a result, the deformation of
the substrate is easier in the rubbery region than glassy
region. Despite this, the transient network of entanglements
continues to hold whole chains together. In the rubbery
condition, the deformation will restore once the load is
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released. With the temperature rise, the polymer substrate
attains the flow region. In this region, polymer chains get
displaced due to chain sliding. Therefore stiffness and
viscosity of polymer substrate reduced drastically, and its
deformation is entirely irreversible.

The polymer substrate is heated above T, and below T,
throughout the embossing process to avoid flaws. As a
result, embossing is done in a rubbery region. Therefore,
this recoverable deformation in the rubbery region has a
considerable impact on the embossed part’s accuracy.
There are two ways to prevent recoverable deformation in
the rubbery region. The first approach involves rapidly
cooling the polymer substrate throughout the deembossing
stage, whereas the second approach involves disentangling
polymer chain fragments to achieve permanent
deformation.

3 Classification of roller embossing

The roller embossing is classified into two types based on
the embossing tool’s configuration and setup design. The
first one is the roll-to-plate hot embossing (R2P-HE), and
the other is the roll-to-roll hot embossing (R2R-HE). The
detailed classification of roller embossing is shown in
Fig. 4.

(1) Roll-to-plate hot embossing (R2P-HE)

Plate-to-plate hot embossing (P2P-HE)/ traditional hot
embossing cannot fabricate micro-patterns with a complex
profile on a large area of the polymer workpiece. More-
over, being a batch-wise manufacturing approach, tradi-
tional hot embossing faces issues like low throughput,
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Fig. 4 Detailed classification of
roller embossing
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small embossing area, lower manufacturing efficiency, etc.
To solve these issues, roll pressing hot embossing pro-
cesses, i.e., R2P-HE and R2R-HE processes, were devel-
oped. This process has numerous advantages like better
replicability, high throughput, high manufacturing effi-
ciency, simple setup, and cheap cost.

In 1998 Tan et al. (1998) initially suggested the idea of
roll-to-plate hot embossing. As per his idea, two setups
related to roll-to-plate hot embossing were developed. The
first setup of a roll-to-plate hot embossing (R2P-HE) with
roller mold is depicted in Fig. 5a. The mold was wrapped
around the roller called roller mold, and the substrate was
placed on a heated moving plate on which the embossing
was carried out. The second setup of a roll-to-plate (roller
to plate) hot embossing with flat mold is depicted in

(@
<——Roller mold
/\L Polymer substrate
| Hot plate ————) |
(b)

Plain roller

Flat mold

|_| e
| _f— Polymer substrate
[ Hot plate {——> |

Fig. 5 a Roll to plate hot embossing with roller mold, and b Roll to
plate hot embossing with flat mold

Fig. 5b. The flat mold (usual mold consists of a micro-
pattern) is placed on a polymer substrate (polymer work-
piece) positioned on a moving hot plate, and a plain heated
roller moves on the mold. As a result that, micro-patterns
present on flat mold are embossed over polymer workpiece
under roller pressure. In both setups, the roller temperature
was fixed higher than the T, of the polymer web/ work-
piece, and the temperature of the moving hot plate was set
at a value less than the T,.

The polymer workpiece in touch with the roller has a
temperature greater than T, that softens that area. Finally,
due to applied pressure, the micro-patterns over the mold
are embossed only over the selected region on the polymer
material. This process is different from the P2P-HE in
which the whole polymer web/substrate is embossed at a
time, and applied load is kept constant until the tempera-
ture of the polymer workpiece attains the de-embossing
temperature. Using this roll to plate hot embossing setup,
nano-metric scale patterns were successfully embossed on
a polymer workpiece. Guo et al. (2004) fabricated nano-
scaled pillar patterns on a polycarbonate substrate using a
roll-to-plate hot embossing with roller mold setup. Well
replicated nano-scaled patterns were observed at an
embossing temperature of 150-170 °C, and applied pres-
sure was in the range of 2.1 x 10° to 3.3 x 10° Pa. Nano-
metric sized pores arranged in a hexagonal arrangement
were developed on an aluminum roller through anodic
oxidation of aluminum. Wettability assessment was done
by calculating the contact angle (CA) of water over the
surface. It has been found that when the diameter of the
nano-pillar reduces, the contact angle rises. The outcomes
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of the SEM (scanning electron microscope) as well as XPS
(X-ray photoelectron spectroscopy) confirmed that the
fraction of air in troughs between individual nano-pillar
and reorientation of molecules on the embossed surface
was responsible for the enhancement in contact angle (CA),
i.e., a transformation of a surface from hydrophilic to a
hydrophobic.

Shuhuai Lan et al. (2010) pointed out that related to
R2P-HE, less work has been done regarding the filling
mechanism of micro/nano-sized cavities on the mold. For
that reason, a numerical model was developed according to
the Navier—Stokes equation and Hertz contact pressure
distribution. This model was used to predict the polymer
flow in micro-nano-sized cavities on the mold throughout
the R2P-HE. The geometrical configuration considered for
the analytical model of R2P-HE with flat mold process and
polymer flow in micro/nano size cavities on the flat mold
during embossing is illustrated in Fig. 6a and b, respec-
tively. This numerical model gives the interconnection
between the operating parameters and replication ratio
(ratio of the height of polymer flow in micro/nano size
cavity on the mold during the roll-to-plate (roller to plate)
hot embossing (AZ) to the height of micro/nano size cavity
on the mold (H)) obtained after the hot embossing. The
final result of this numerical model is given in Eq. 1 (Lan
et al. 2010).

Fig. 6 a Geometrical
configuration considered for the
analytical model of roll to plate
hot embossing process with flat
mold, b Polymer flow in
micro/nano size cavities on the
mold during embossing, and

¢ Roll to plate hot embossing
setup developed by Shuhuai Lan
et al. (Lan et al. 2010)

Substrate

Polymer
substrate ©
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where, Repiicaion = replication ratio = %; RaspecF%,
(W = width of micro-pattern); P = average pressure on
roller = &; F = applied force on the roller, L = width of
the roller and flat mold, a = contact length of the roller; #=
viscosity of polymer substrate; ¥ = moving speed of flat
mold.

For the validations of this numerical model, a set of
experiments were conducted on an in-house developed
experimental setup shown in Fig. 6¢. It had a steel roller
equipped with a heating element in the core, flat mold. It
was also equipped with a heater to heat the polymer sub-
strate above T, linear gripper, and tension roller incorpo-
rated to retain the space within the mold and the polymer.
The replication ratio of embossed patterns was calculated
and compared with the results predicted by the numerical
model. It was seen that there is a close deal between the
experimental result and the numerically forecasted result. It
is noticed that better replicability was obtained at the
lowest roller speed and highest average pressure. This is
because the molten polymer gets more time to fill the
mold’s micro/nano-sized cavities at lower roller speeds.
While at a higher value of moderate pressure, the applied
force efficiently presses the molten polymer inside the

Flat mold

Tension roller

Polymer
substrate
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mold’s micro/nano-sized cavities. According to the
numerical model, at a lower value of viscosity, better
replicability was expected. Since viscosity reduces with a
temperature rise, better replicability was noted at higher
embossing temperature values.

Recently, Jarrett J. Dumond and Hong Yee Low (2012)
proposed a theoretical model for the time needed to fill the
micro/nano-size cavities on the mold throughout the R2P-
HE. The problem is treated as one dimensional (/-D)
squeezing flow of the polymer substrate into extremely
long micro-cavities of height (H) and width (W) shown in
Fig. 7. Few assumptions were made while developing this
theoretical model. The first assumption is the roller contact
width (L), and the polymer web/workpiece thickness is
substantially bigger than the height (H) and width (W) of
the micro-cavities over the mold to avoid the edge and
thickness effect. The second assumption is that the roller
diameter is much larger than the height (H) and width (W)
of micro-cavities on the mold. Hence, the roller curvature
fails to influence the polymer flow behavior. The following
assumption is that the pressure is uniformly distributed
over the roller contact width (L) throughout the embossing
process. Finally, the polymer substrate is considered
incompressible, and polymer flow is assumed to be ideally
viscous, with perfect adherence of the polymer substrate to
the mold surface. Equation 2 gives the time needed to fill
micro/nano-sized cavities over the mold (¢5).

6n(T).H?
Iin = % (2)
where, n(T)= viscosity of polymer substrate respective
temperature, P(¢) = time dependant applied pressure.

This proposed theoretical model does not apply to the
non-uniformly distributed pressure and other shapes of the
micro-patterns like a circular, square, triangle, pyramidal,

Roller
\ u&) ;
¥
Mold v
—_—
o,
‘__L; [-l[[ H
} t- |
Substrate f 5 —»>

Fig. 7 One dimensional (1-D) squeezing flow of the polymer
substrate into extremely long micro-channel of height (H) and width
(W) (Dumond and Yee Low 2012)

etc., or any other odd-shaped micro-pattern on mold. For
continuous embossing 5 is less than or equal to the ratio
of the roller contact width (L) to the polymer feed rate (V).
The modified equation is given in Eq. 3.
L _ 6n(T).H?
> on(T).H (3)
V= P(t).W?

To find the interrelation between the polymer feed rate
and the polymer substrate’s viscosity, applied pressure,
geometric factors, Eq. 3 is rearranged.

L.P(t).W?

= on(T).H? “)

The polymer feed rate equation (Eq. 4) clearly shows
that at a low value of aspect ratio (H/W) of micro-patterns
and low viscosity values of the polymer substrate, the
polymer feed rate theoretically increases.

Sung-Won Youn et al. (2008) modified the existing roll-
to-plate hot embossing with a flat mold set up to improve
the replication rate by implementing an automatic mold
releasing mechanism. The schematic and actual setup of
the modified roll-to-plate (roller to plate) hot embossing
setup with the mold releasing mechanism is indicated in
Fig. 8a and b, respectively. This setup comprises a roller
incorporated with the heating unit, a flexible mold attached
to the guidepost through a supporting coil and puller, a
moving platform with a heating coil, a polymer substrate,
and a base plate. This automatic mold releasing system
minimizes the embossed micro-pattern distortion because
of shrinkage differences within the mold and polymer
web/substrate. The workpiece is fixed over a moving
platform, and it moves parallel to the roller while the
embossing force is applied on the roller. The control sys-
tem controls the speed of the moving platform and the
applied force. As the roller moves forward, pullers move
upward across the guidepost to automatically detach the
mold from the embossed workpiece. After that, the mold
comes back to its home position. Embossing was carried
out on the PET (polyethylene terephthalate) and COC
(cyclic olefin copolymer) film. Better replicability was
observed at embossing force equal to 700 N and at
embossing temperature above 50 °C of the T,. In poly-
ethylene terephthalate (PET) film, complete filling of
micro-pattern was accomplished at roller speeds of
0.1 mm/s. With cyclic olefin copolymer (COC) film, the
complete filling was obtained at roller speeds less than
2 mm/s. Using this modified setup, a light-guided plate
consisting of line micro-patterns of 38 um wide, 63 pm
long, and 8.5 pm deep were fabricated for the backlight
panel. The optical microscope image, 2-D, and 3-D profile
of embossed line micro-pattern over the PET polymer
substrate is shown in Fig. 8c.
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Fig. 8 Roll to plate hot embossing with automatic mold releasing mechanism- a Schematic setup, b Actual experimental setup, and ¢ Optical
microscope image, 2-D and 3-D profile of embossed line micro-pattern over the PET polymer substrate (Youn et al. 2008)

The setup of a roll-to-plate hot embossing was further
modified by HyungJun Lim et al. (2011) who implemented
a movable press roller rather than the flexible mold. The
roll to plate hot embossing with movable press roller is
shown in Fig. 9a. In this setup, mold is installed on a hot
plate, which heats mold over the T, of the polymer web.
During the embossing stage, the press roller with flexible
substrate rolls over the mold and presses the flexible sub-
strate against the mold. Embossing is carried out through a
series of line contact, and afterward, the polymer substrate
is cooled by compressed air. The guide rollers also move
with the press roller during embossing to prevent the
shrinkage and stretching of the polymer web/workpiece.
The vertical transition stage controls the upward and
downward movement of the press roller. The upper and
lower side springs inside the roller holder support the
movable press roller and deliver the embossing force
through the vertical translation stage. When the movable
roller makes contact with the mold, the amount of
embossing force is controlled by the stiffness of the springs
inside the roller holder and the vertical movement of the
translation stage.

After completing the embossing cycle, i.e. (complete
movement of the movable roller from the left to right as
illustrated in Fig. 9a), the movable roller with polymer

@ Springer

workpiece moves upward and comes back to its home
position. After this, the supply roller and withdrawal roller
rotates to feed the new plain polymer workpiece for the
next micro-pattern embossing, and the cycle is repeated.
All the roller movement in the setup is controlled through a
PLC (Programmable Logic Controller). The process
parameters like the speed of the movable roller during the
embossing stage, embossing force, hot plate temperature,
and cooling requirements of the polymer workpiece sig-
nificantly affect the replicability of micro-patterns over the
polymer web/substrate. This capability of the setup was
verified by successfully replicating micro-sized concentric
circles and nano-scaled line patterns over a polycarbonate
substrate. The SEM images of micron-sized concentric
circles and nano-scaled line patterns embossed over the
polycarbonate (PC) substrate are depicted in Fig. 9b and c,
respectively. The roll to plate hot embossing setup is
commercially used to fabricate flexible electronic devices
like solar cells, light diffusers, bendable displays, anti-re-
flection films, etc.

2) Roll-to-roll hot embossing (R2R-HE)

In conventional hot embossing, the micro-patterns are
replicated over a small area on the substrate. To increase
productivity, R2R-HE has been developed. It is a variant of
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Fig. 9 a Roll to plate hot (a)
embossing with movable press &
roller, SEM images- b micron-
sized concentric circles, and

¢ nano-scaled line patterns
embossed over the
polycarbonate (PC) substrate
(Lim et al. 2011)

Movable
press roller

Withdrawal roller

Supply roller

Flexible substrate

R2P-HE, as explained in the preceding section. In R2R-
HE, the micro-patterns can be reproduced over a large
substrate area, which improves its productivity. The setup
of R2R-HE is illustrated in Fig. 10a. In R2R-HE, it is tough
to fabricate the micro-patterns over the entire circumfer-
ence of the roller due to its circular shape. To address this,
micro-patterns were manufactured over a thin film by
several methods like UV-lithography followed by electro-
forming or electroplating process (Ishizawa et al. 2008;
Shan et al. 2009), photolithography followed by wet
etching process (Idei et al. 2006; Zhong and Shan 2012;
Kodihalli Shivaprakash et al. 2019b), maskless pho-
tolithography followed by plasma etching (Kodihalli Shi-
vaprakash et al. 2019a), electron beam lithography
followed by the Ni-electroforming process (Habermehl
et al. 2019), and that film is then wrapped around a roller
called as embossing roller.

The seam on the roller surface is a recurring issue with
thin mold wrapped around the embossing roller, resulting
in a cyclic discontinuity in the embossed features (Lee
et al. 2012). Nevertheless, there are several applications
such as display or microfluidic devices where micro-pat-
tern discontinuity is acceptable. Initially, the micro-pat-
terns on seamless roller were developed through laser
writing (Lee et al. 2009; Du et al. 2012; Rank et al. 2017,
Lang et al. 2017) and the direct electron beam writing
method (Taniguchi and Aratani 2009; Taniguchi et al.
2010). But these methods face severe issues like small
aspect ratio, high fabrication cost, complex profile control,
low throughput, and poor surface roughness. Therefore, the

micro-patterns on seamless roller were developed through
UV-photolithography followed by wet etching and electro-
polishing to solve these issues. Before UV-photolithogra-
phy, the roller was coated with a photoresist using a spe-
cially designed pneumatic airflow coating method. The
ultraviolet (UV) exposure was aligned parallel to the
coated roller, and its motion was precisely controlled. It
helps transfer the micro-patterns over the photomask to the
photoresist-covered roller (Hong-Wei Chen et al. 2010; Li
et al. 2011; Huang and Lee 2013). However, this process is
complex, costly, and time-taking, so it is recommended to
use a seamless roller only when continuity in embossed
micro-patterns is required. Otherwise, one can go ahead
with the conventional embossing roller, i.e., micro-pat-
terned film wrapped around the roller.

The sheet of polymer substrate is passed within the
embossing roller as well as the supporting roller. The
embossing roller is heated until its temperature exceeds the
T, of the polymer web, and load is imposed on it
throughout the embossing stage. In R2R-HE, roller feed
and roller temperature significantly influence the accuracy
of the embossed features over the polymer workpiece (Ng
and Wang 2008; Shan et al. 2008; Soh et al. 2008). In R2R-
HE, contact time between the polymer workpiece and mold
is short, due to which less heat is transmitted through the
mold to the polymer workpiece. Preheating the polymer
before embossing softens the polymer web/substrate and
improves the depth of the embossed micro-patterns (Kim
et al. 2015). Lip Pin Yeo et al. (2009) installed a heater in
the conveyor called a preheating unit for the preheating of
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Fig. 10 a Roller to roller hot (a)
embossing, b Roll to roll hot
embossing with preheating unit
(Yeo et al. 2009), and ¢ Roll to
roll hot embossing with shape
preserving mechanism (Peng

et al. 2016)

Pressure

<—Mold

<——Embossing roller

Roller
direction

roller

the polymer substrate. The R2R-HE setup with a preheat-
ing unit is shown in Fig. 10b. Taking motivation from this,
Thomas Velten et al. (2011) used heated metal plates for
preheating the polymer substrate and passed the polymer
substrate film through the hot metal plates before passing
through the roll-to-roll embossing system. In this work, the
silicon film was wrapped around the embossing roller, and
micro nubs were developed on silicon film by lithography
followed by a dry etching process. The micro-holes were
formed on COC polymer substrate using this preheated
roll-to-roll embossing system. These embossed micro-holes
were utilized for cell culture purposes.

If the roller feed is more than the optimum value, the
embossing is improper due to insufficient time for the
transference of micro-patterns from the mold to the poly-
mer web/ workpiece. If the embossing temperature is more
than the optimum value, the polymer can become more
viscoelastic, and thermal reflow might happen. During the
deembossing stage, due to improper cooling polymer sur-
face remains in a rubbery state. It tries to flatten out to
minimize its surface energy. Due to this, the polymer may
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regain its original shape; this phenomenon is called thermal
reflow. In R2R-HE, when the 7, (embossing temperature)
is set 35-40 °C above T,, the viscosity of the polymer
substrate decreases rapidly, and it becomes significantly
fluid. At this stage, the polymer substrate is subjected to a
relaxation phase, as a result of which the embossed flat
surface is drawn back by simple viscous flow to minimize
the surface energy. This results in the decreased height of
the embossed micro-patterns. The thermal reflow is mainly
observed when deembossing is performed at high temper-
atures (35—40 °C beyond the T,) without cooling. In R2R-
HE, the mold temperature is constant throughout the
process.

In contrast, in conventional hot embossing, the mold
undergoes a heating and cooling cycle. Due to the absence
of a cooling phase in an R2R-HE, embossed micro-pattern
in contact with mold starts to reflow quickly as the mold
and polymer substrate separate. This reflow brings down
the replication quality of the replicated micro-pattern. To
avoid this, it is preferable to carry out the embossing
process near glass transition temperature even though
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greater accuracy was observed at a temperature higher than
T, (3040 °C above the T,) in the case of the R2R-HE. In
addition, sometimes melting of polymer web/substrate also
occurs, and it sticks to the roller, resulting in deformation
of the embossed micro-patterns. So it is necessary to fix the
roller feed and 7, at optimum values for better accuracy of
the embossed micro-structure (Yeo et al. 2009).

Micro-patterns were successfully embossed on textile
fibers employing R2R-HE (Schift et al. 2006). The opti-
mization was carried out using the design of experiments
(Box—Benhken design matrix) to optimize the operating
parameters in the R2R-HE. For the optimization, emboss-
ing pressure, roller temperature, preheat temperature were
considered, as well as the normalized depth of embossed
micro-patterns over the PMMA workpiece/substrate was
investigated. The outcome of experimentation confirms
that at higher T,, a decrement in the depth of embossed
micro-patterns was observed. This decrement in depth
occurs mainly due to the thermal reflow mechanism. The
best or optimum result was achieved at 7, of 110 °C
(nearer to T,), P, of 6 bar, and preheat temperature of
105 °C. Micro-mixer was fabricated on PMMA substrate
using these optimum parameters. The performance of the
fabricated micro-mixer was characterized by conducting
the fluid flow test. This test shows that the complete mixing
of the solution took place in the embossed micro-mixer
(Yeo et al. 2010).

Yujun Deng et al. (2014) fabricated micro-pyramid
patterns over polyvinyl chloride (PVC) film using R2R-
HE. A central composite design was applied to investigate
process parameters systematically, and an empirical model
was developed. In this work, embossing temperature,
applied load, and feeding speed of the polymer substrate
were considered as input parameters. The RSM (response
surface methodology) was implemented to optimize
parameters for achieving 100% replication accuracy. This
optimization shows that when the process parameters are
set at optimum values, a replication accuracy of 94% was
achieved. The PMMA and COC polymer substrate have
superior physical and chemical properties. The PMMA
substrate has a low hydrophobicity and good optical
transparency. In contrast, COC polymer substrate is bio-
compatible, has a high resistance to a chemical reaction,
and excellent optical clarity (near-visible and ultraviolet
range). By taking advantage of these properties and mass
manufacturing capability of the R2R-HE, Metwally et al.
(2012) and Tsao et al. (2012) fabricated a microfluidic
chip.

Sahil et al. (2009) developed a 3D-numerical model
considering the linear viscosity of the polymer substrate for
R2R-HE. They investigated the polymer flow during the
embossing stage at a constant temperature. The filling rate
was investigated for various micro-cavities like circular,

triangular, etc., with a 2-D numerical model (Sahli et al.
2010). It is noted that the filling time of semicircular
cavities was significantly more than the triangular cavities
because of the volume difference.

Recently, Yujun Deng et al. (2015) validated this 3D
numerical model to fabricate micro-pyramid patterns over
the polymer web/substrate (PVC film). In this work, they
investigated polymer flow throughout the embossing and
deembossing stage during an R2R-HE process. It was
pointed out that the temperature gradient in the path of the
thickness softens the embossing area and makes sure that
micro-patterns are well replicated on the polymer substrate
throughout the R2R-HE. During the embossing stage, the
edges of the mold compress the polymer substrate and
extrude it along the sidewalls of the mold. The creep strain
(&°) is much temperature-responsive as compared to the
instantaneous elastic strain (&°). The creep strain (&) starts
to grow after a particular time interval as temperature goes
beyond the specific value. This creep strain primarily
occurs at the top surface of the polymer web due to high
local temperatures. Recovery in the height of replicated
micro-pyramid shape patterns were observed after deem-
bossing, which can be controlled by implementing the
cooling process throughout the demolding stage to attain
excellent embossing accuracy.

The pile-up type of defect is also observed in the
embossed part in case of R2R-HE. This pile-up type of
defect is minimized by the setting process parameters like
T, and P, at higher value (Zhong et al. 2015). In R2R-HE,
different defects like bubble defects, platform, and col-
lapse-like defects were noticed in the embossed micro-
patterns (Yi et al. 2015). The different types of defects in
embossed micro-pyramid patterns are indicated in Fig. 11.
To figure out the main reasons for these defects, Jin Wang
et al. (2015) developed a 3-D FEA model based on the
Maxwell model. In this model, the polymer workpiece/web
was treated as a viscoelastic material. This simulation
shows that platform type defect appears by means of
adverse embossing conditions like low embossing pressure,
which restricts the polymer flow during embossing. The
bubble type of defect primarily occurred at a high value of
T, and feeding speed. At high values of embossing tem-
perature and feeding speed, polymer material flows along
the sidewall of the mold. As a result, it is deformed into the
two peak mode/ concave shapes (shallow at center and
peaks at the corner). Finally, the collapse type of defect
occurs by means of the rapid recovery of the polymer
substrate after the deembossing stage.

The same research group proposed that it is necessary to
implement quick cooling for minimizing such types of
defects, and a system with longer holding is required. To
achieve this, the shape-preserving mechanism was imple-
mented in the R2R-HE. The shape-preserving mechanism
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Fig. 11 Different types of (a)
defects in embossed micro-
pyramid patterns

Platform-like defect

(SPM) is shown in Fig. 10c. This mechanism comprises the
shape-preserving belt (SPB), tension roller, two angular
rollers, and a cooling gas nozzle. During the working cycle
(in step one), the shape-preserving belt (SPB) presses the
structured substrate against the hot embossing roller.
Because of this, the polymer substrate keeps flowing into
the micro-cavities on the embossing roller. In stage two,
cooling gas cools down the shape-preserving belt (SPB)
and micro-patterned substrate immediately. This cooling
gas cools the embossed substrate below the T, of the
substrate.

Consequently, it efficiently reduces the flow-back of the
polymer material after the deembossing stage. The influ-
ences of the tension force (TF) as well as wrap angle (WA)
concerned with the SPM (shape-preserving mechanism)
were investigated systematic way. The experiment out-
comes show that a maximum value of tension results in
high P,, and a greater wrap angle leads to long-lasting flow.
So better replication accuracy was achieved at a higher
value of tension force and wrap angle (Peng et al. 2016).

Nagato et al. (2010) designed and developed a setup to
fabricate multi-layered nanogaps and nanostructures over
the polymer substrate. The setup developed by Nagato
et al. (2010) is indicated in Fig. 12a. In this setup, roller hot
embossing is combined with the bonding process to fab-
ricate the multilayer nanogaps and nanostructures. The thin
PMMA film is deposited over the silicone rubber film,
acting as a backup film. The embossing was carried out
using a roller mold with nano-scale features and a fea-
tureless roller with plain mold. Better results were achieved
in the featureless roller with plain mold. The embossed
sheet is cooled with Nickel mold until the temperature goes
down below the T, and then separated out. Therefore due to
proper cooling no viscoelastic recovery could happen.
Better embossing and bonding result was observed at T,.

= 145 °C, P, = 1Mpa, bonding temperature = 100 °C and
observed feed rate = 0.6 m/minute. The SEM image of
multilayer nanogaps with fiver-layer nano-scaled pattern is
shown in Fig. 12b. For the fabrication of multilayer
nanostructures shown in Fig. 12c initially the polymer film
is embossed through the thermal assisted roller embossing
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by using plain mold. Then chromium of 25 micron thick-
ness is sputtered over the embossed surface. Next the plain
mold is rotated through the 90° and roller embossing has
been carried out. In this way multilayer nanostructures
were fabricated over the PMMA substrate.

4 Current innovations in roll-to-plate hot
embossing (R2P-HE) and roll-to-roll hot
embossing (R2R-HE)

4.1 Rapid manufacturing of UV curable micro-
patterns on glass or polymer substrate
by ultraviolet (UV) assisted roll-to-plate hot
embossing

There are few major issues in the conventional R2R-HE
system that directly affects the replicated micro-patterns
quality. When the temperature of the embossing roller is
35-40 °C exceeding than T, of the polymer web/substrate,
the polymer film significantly softens during embossing.
As already explained, due to the absence of the cooling
process in the deembossing stage, it undergoes a thermal
reflow mechanism. As a result, the embossed micro-pat-
terns undergo unnecessary viscoelastic recovery after the
deembossing stage. Thus, it distorts the replication quality
of embossed micro-patterns. In ultraviolet (UV) assisted
roll-to-plate hot embossing (R2P-HE), a similar problem
occurs if curable resin fails to cure appropriately before
leaving the embossing roller. Thus, it is necessary to set the
speed of the embossing roller and the intensity of the UV
source at an optimum value (Chan-Park and Neo 2003).
For rapid production of micro-lenses over the polymer
web/substrate, Chih-Yuan Chang et al. (2007) suggested
ultraviolet (UV) assisted soft R2P-HE process. In this, the
embossing was done at room temperature, so lower resid-
ual stresses (g,) were present in the replicated micro-pat-
terns in contrast to conventional R2R-HE. In this process,
the soft silicone cylinder was used instead of a metallic
roller. To develop micro-cavities on silicone roller, the
embossed micro-lenses array on thin polycarbonate (PC)
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Fig. 12 a Roll to roll hot embossing setup developed by Nagato et al.
to fabricate the multi-layered nanogaps and nanostructures, b SEM
image of the multilayered nanogaps with five layered nanostructures,

film of 180 um thickness was fabricated through gas-
pressurized hot embossing was then wrapped around the
soft silicone roller. Next, the viscous polydimethylsiloxane
(PDMS) solution was poured into a cavity of a cylinder to
fabricate the micro-cavities on a cylinder. Finally, this thin
polycarbonate (PC) film was peeled off, and micro-cavities
were developed on the silicone cylinder. The detailed
procedure for manufacturing micro-cavities over the
cylinder is shown in Fig. 13a. The ultraviolet (UV) assisted
soft roll-to-plate embossing setup consists of a soft silicone
cylinder with pressure unit (pneumatic cylinder), PMMA
substrate, movable platform, ultraviolet (UV) curable
polymer resin, slit die mechanism for coating of UV cur-
able resin over the micro-cavities on the silicone cylinder,
scraper to remove the excess material from the micro-
cavities, and a UV lamp. The ultraviolet (UV) assisted soft
roll to plate embossing setup is shown in Fig. 13b.

As already mentioned in R2R-HE, embossing pressure
and roller speed significantly impact the replicability of the
embossed/replicated micro-patterns. In this experimenta-
tion, embossing pressure (P,) was varied from 0.2 to 0.8
kgf/cm?, roller speed from 0.65 to 1.7 mm/s, and per-
centage deviation in diameter, sag height of embossed

Backup roller

Preformed sheet

Observed
from this side

and ¢ SEM image of cross section of five-layered Chromium film
nanostructures fabricated by rotating the mold 90° before every
embossing stage (Nagato et al. 2010)

micro-lenses were investigated. With P, higher than 0.8
kgf/cm?, distortions of the embossed micro-lenses were
observed. If roller speed is more than 1.7 mm/s, the
ultraviolet (UV) curable polymer resins do not adequately
adhere to the roller. Due to insufficient time, it is not suf-
ficiently cured on the polymethyl methacrylate (PMMA)
polymer substrate. If the roller speed is less than 0.65 mm/
s, excessive curing occurs and results in distortion and
shrinkages in the embossed micro-lenses. The R, (surface
roughness) and optical characteristics of embossed micro-
lenses were assessed through atomic force microscopy and
beam profiler, respectively. Surface roughness (R,) of the
embossed micro-lenses was noted over a 5 um x 5 pm
area and found to be 8.36 nm. The SEM image and surface
profile of embossed micro-lenses over polymer substrate
through UV-assisted R2P-HE is shown in Fig. 13c. The
normalized intensity of embossed micro-lenses was dis-
tributed uniformly. The ultraviolet (UV) assisted R2P-HE
effectively supports the large-scale fabrication of micro-
lenses over a polymer web/substrate at a cheap cost. With
the help of this setup, micro-patterns were also developed
on the glass substrate (Liu and Chang 2007).
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Fig. 13 a Detailed procedure for the manufacturing of micro-cavities over the cylinder, b Ultraviolet (UV) assisted soft roll to plate embossing
setup, and ¢ SEM image and surface profile of embossed micro-lenses over polymer substrate through UV-assisted R2P-HE (Chang et al. 2007)

To fabricate a set of micro-lenses on a glass workpiece,
Chang et al. (2006b) replaced the silicone roller with a steel
roller in the ultraviolet (UV) assisted roll-to-plate hot
embossing setup. The embossed micro-lens array on
polycarbonate (PC) workpiece by gas-pressurized hot
embossing was used to manufacture the nickel mold. For
the development of nickel mold, 100 nm thick silver film
was deposited on the embossed micro-lenses followed by
the Ni-electroforming process. As a consequence that,
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0.3 mm thick nickel mold with micro-cavities was pre-
pared. Later this Ni-mold was wrapped around the steel
cylinder, and the cylinder was pressed against the glass
workpiece. The sets of micro-lenses were developed on a
glass workpiece and cured through UV radiation at room
temperature. This manufacturing process is a mass-manu-
facturing approach suitable for manufacturing micro-lenses
on glass workpieces. Although, micro-cavities on nickel
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mold through Ni-electroforming is a complicated, pro-
longed and costly process.

To manufacture micro-lenses on a glass substrate, Chia-
Nying Hu et al. (2011) developed an ultraviolet (UV)-as-
sisted two wheels roll-to-plate hot embossing setup. One
roller was used to emboss micro-lenses over a substrate,
and the other roller was used to separate the mold from the
UV-cured micro-lenses. The setup of UV-assisted two
wheels roll-to-plate hot embossing (R2P-HE) is shown in
Fig. 14. This setup consists of two steel rollers, conveyor
type mold made of polydimethylsiloxane (PDMS) material,
UV curable resin, glass substrate, and ultraviolet (UV)
lamp. In this setup conveyor mold of polydimethylsiloxane
(PDMS) material was wrapped around the two cylinders.
To fabricate polydimethylsiloxane (PDMS) mold at the
start, the photoresist was spin-coated over the Si-wafer.
Micro-cylindrical patterns were developed on the silicon
(Si)-wafer with the photolithography process. These micro-
cylindrical patterns were then transformed into micro-len-
ses through the thermal reflow method. Next, poly-
dimethylsiloxane was spin-coated on these micro-lenses,
followed by the baking process. Finally, polydimethyl-
siloxane film was scratched off from the mold. This poly-
dimethylsiloxane mold was then wrapped around the two
cylinders. Finally, the UV-curable resin was spin-coated
over the glass workpiece. In this work, the impact of
ultraviolet lamp exposure time and rolling pressure on the
replicability of micro-lenses were examined. The result
confirms that if UV light exposure goes beyond the opti-
mum value, it does not majorly affect the quality of
embossed micro-lenses. But if the rolling pressure is set at
a higher value, then deformation in the polydimethyl-
siloxane mold occurs. While at lower values of rolling
pressure, the mold filling is incomplete. The best replica-
tion result was observed at a rolling pressure of 200 N/cm?>
and UV lamp exposure time of 4 min.

Steel roller

PDMS conveyor
mold

UV curable resin

LT

UV light source

Fig. 14 UV-assisted two wheels roll to plate hot embossing

Ting et al. (2008b) fabricated conical, cylindrical arrays
over a polymer substrate to simulate the anti-reflection film
with UV roller embossing. The mold consists of a nano-
scaled pattern manufactured through the Ni-electroforming
process and wrapped around the roller in this setup. Anti-
stick coating was applied over the roller mold for quickly
releasing the mold during the deembossing phase. The
embossed nano-scaled conical cylinder array has an aver-
age diameter (d,,) of 200 nm, an average height (h,,,) of
350 nm, and a pitch of 200 nm. The reflectance was
achieved is 2.45%, and transmittance is above 90%

Initially, the primary focus was on the impact of oper-
ating parameters on accuracy as well as the quality of
replicated micro-patterns by UV-assisted roller embossing.
Lesser priority was given to the effects of the surface
energy (Eg,ace) Of mold and the shape and directions of
micro-patterns on embossing roller over replicated micro-
patterns replication quality and accuracy. Osamu Nezuka
et al. (2008) investigated these operating parameters and
their influences on embossed micro-patterns. In this work, a
V-groove  patterned nickel mold coated with
trimethoxysilane was used. The contact angle was mea-
sured after coating, and it was confirmed that the coating
lowers the surface energy (Eg,face) Of the mold. As a result,
the substrate was quickly released from a mold after
embossing without influencing the accuracy of the micro-
patterns. Embossing was carried out by wrapping the mold
over the roller in two ways—in first, the grooves were
parallel to the rolling orientation, and in second, the
grooves were transverse to the rolling direction. With
parallel grooves, tearing was observed during the deem-
bossing, and it damages the sharp edges of the V-shape
groove. While grooves in a transverse direction, the sharp
edges of the V-groove were observed, but biting traces
were noted over a sidewall of the grooves. These traces are
due to mechanical interaction between the replicated
micro-patterns and V-grooves over the mold. It was con-
cluded that it is preferable to perform embossing by
arranging mold so that grooves are transverse to the rolling
direction.

4.2 Hybrid extrusion roll-to-roll hot embossing
(hybrid extrusion R2R-HE)

In this type, the extruded polymer film is immediately
passed through the R2R-HE setup (Jiang et al. 2007; Chang
and Tsai 2015; Chang and Hu 2018). The schematic and
actual setup of hybrid extrusion R2R-HE setup is indicated
in Fig. 15a and b, respectively. Liang-Ting Jiang et al.
(2007) developed this setup by integrating the roll-to-roll
hot embossing set up with the single screw extrusion setup.
First, Micro-lenses were developed on polycarbonate film
using this setup. Then, the micro-patterns were directly
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manufactured on a copper roller using dry film resists
(DFR). Finally, this micro-patterned copper roller was used
as an embossing roller. The stepwise process for the fab-
rication of the embossing roller is shown in Fig. 15c.
Initially, micro-holes were developed on the dry film
resist through photolithography. This DFR (dry film resist)
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was then coated around the copper roller by heating and
applying suitable pressure. Further micro-holes were
developed on copper roller through a wet etching process.
This embossing roller is used in the embossing setup below
the slit-die of the extrusion process. During the process, the
extruded hot polycarbonate sheet was immediately passed
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through the embossing setup. The drive roller pressed the
hot polycarbonate (PC) film against the embossing roller,
which partially fills the micro-holes on the embossing
roller based upon the combined action of surface tension
and P,. Thus a (200 x 200) convex micro-lens array was
developed on polycarbonate (PC) film. The SEM image
and 3-D surface profile of embossed micro-lenses is
depicted in Fig. 15d. In traditional hot embossing and
R2R-HE, the polymer film used as a substrate is manu-
factured through the extrusion process only. But during
embossing, the polymer is reheated, and during deem-
bossing, it is cooled. But in this process, the hot extruded
film is embossed immediately after its extrusion. As a
result, low thermal stresses are developed in the embossed
micro-patterns, and it also helps improve thermal stability.

This setup was further utilized by Tzu-Chien Huang
et al. (2008) to fabricate a plastic diffuser. To improve the
performance of plastic diffusers, this setup combines the
surface-relief and particle-diffusing functions. The extru-
ded composite film (PC/diffusion beds) was immediately
passed through the R2R-HE setup. The micro-patterns
were produced over the embossing roller by turning pro-
cess using a tool having a nose radius of 400 um. These
micro-patterns were replicated on the extruded composite
film at the optimum condition of working parameters. In
this work, extrusion dies temperature, P, and roller speed
were considered, and their impact on the height (k) of
embossed micro-patterns at the center and its side area was
investigated. A Haze meter was used to measure the total

and diffuse transmittance at different conditions. The dif-
fusing result of laser light at other conditions is shown in
Fig. 16. The maximum diffuse transmittance, i.e., 87.7%,
was noted in a composite film with embossed micro-
patterns.

4.3 Double-sided roll-to-roll hot embossing
(double-sided R2R-HE)

For achieving the commercial targets, it is necessary to
fabricate the product with high volume and rapid manu-
facturing methods. Furthermore, for increasing the
embossing rate in R2R-HE, there is a necessity for
embossing on both sides of the polymer substrate in one
cycle. Considering this, Tapio Makela et al. (2008)
developed a double-sided R2R-HE setup. They proposed
two approaches for the double-sided R2R-HE. The initial
one is the sequential double-sided R2R-HE, and the second
one is the simultaneous R2R-HE system. The setup of the
sequential double-sided R2R-HE is illustrated in Fig. 17a.

In the sequential double-sided R2R-HE system at the
first stage, the top face of the polymer gets embossed,
followed by embossing at the bottom face of the polymer
web within the same embossing cycle. A 100 um thick
micro-structured nickel master was wrapped around the
roller, placed at the top and bottom surface of the polymer
web/workpiece as shown in Fig. 17a; these rollers are
called embossing roller. The backing roller is there for
support, but these rollers are unstructured and elastic. In

Fig. 16 Diffusing result of laser
light at different conditions- a A (a)
flat polycarbonate (PC)
substrate, b A PC substrate with
embossed micro-patterns, ¢ A
flat PC/ diffusion beads
composite film, and d A PC/
diffusion beads composite film
with embossed micro-patterns
(Huang et al. 2008)

1 (b)
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this work, cellulose acetate film (T, = 120 °C) was used as
an embossing substrate. In this setup, both the embossing
roller was heated near 7, of the polymer substrate by
placing an electric heater inside the roller. The backing
roller is set at 25 °C, enhancing the contact area between
the two rollers. The contact length between the rollers is
5 mm, corresponding to an embossing time of 1.6 s. No
separate cooling unit is required in this system. The best
embossing was achieved by trial and error method at a P,
and embossing speed of 8 MPa and 0.5 m/min,
respectively.

In a simultaneous R2R-HE system, the embossing was
done simultaneously on both sides of the polymer sub-
strate. The setup of an accompanying double-sided R2R-
HE setup is shown in Fig. 17b. Both rollers are metallic,
and a structured nickel master was wrapped around both
rollers. The upper roller is heated with an electrical heater
placed inside the rolls, and the lower roller is heated with a
hot air dryer. Both rollers were maintained at a temperature
of 105 °C. The contact length between both rollers is
I mm, corresponding to an embossing time of 0.3 s at a
roller speed of 0.5 m/min. This nickel master consists of
1 pm size dot structures with 1 um spacing. The height of
these dot structures varies between 200 to 250 nm.

This work shows that in sequential embossing, proper
replication was observed after the first stage of embossing.
But the second stage influences the embossed micro-pat-
terns on the upper surface of the polymer workpiece. When
these embossed micro-patterns were pressed against the
backing rollers in the second stage, the heights of embossed
micro-dots on the upper surface were drastically reduced.
While in simultaneous hot embossing, micro-patterns were
embossed on both faces of the workpiece simultaneously.
So there no change in the heights of micro-patterns after
the embossing process. Finally, it is recommended to use
the simultaneous double-sided-R2R-HE set up to fulfill the
commercial targets.
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4.4 Infrared (IR) assisted double-sided roll-to-roll
hot embossing

In the previous studies, an electrical heater was installed
inside the roller for heating purposes. In contrast, an
infrared (IR) heater was fitted above and below the top and
bottom roller surface in this setup, respectively. Thus,
simply the surface of the roller was heated by the infrared
radiation instead of heating the complete roller. It also
minimizes the total cycle time. The schematic of the setup
and the close-up view of the infrared (IR) assisted double-
sided R2R-HE process are depicted in Fig. 18a and b,
respectively.

In this work, PET (polyethylene terephthalate) and PC
(polycarbonate) films were used as a substrate. The
V-shaped micro-patterns of different depths, i.e., 150 pm
and 20 pm, were fabricated on the roller surface by micro-
electric discharge machining and diamond turning pro-
cesses. Four different sizes of micro-patterns were repli-
cated on both faces of the workpiece (indicated as 20/0,
150/0, 20/150, 150/150 for the top/bottom embossed
micro-pattern sizes). The dimensions of the embossed
micro-features were inspected by an optical microscope,
surface profiler, and profile projector, respectively. The
SEM image of the micro-pattern over roller is shown in
Fig. 18c. During the embossing process, the polymer
workpiece touches both rollers. The top and bottom roller
are pressed against the workpiece through the pneumatic
cylinder, placed at the top side of the setup. The influences
of operating parameters, i.e., P,, roller temperature, and
roller speed, on replicability were investigated. It is
observed that the embossed micro-patterns on the upper
surface of the polymer workpiece show excellent replica-
bility compared to the bottom surface. However, it might
own to the fact that the embossing pressure was applied
over the top roller. To overcome this issue, the temperature
of the lower roller is fixed at a higher point than the tem-
perature of the upper roller. Suppose the roller temperature
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Fig. 18 a Schematic setup of (a)
infrared (IR) assisted double-
sided roll to roll hot embossing,
b Close-up view of infrared
assisted double-sided roll to roll
hot embossing, ¢ SEM image of
micro-pattern over roller, and

d SEM image of embossed
micro-pattern over the polymer
substrate at optimum condition
(Liu et al. 2012)

Lower roller
temperature
controller

is fixing at a too high value. In that case, the polymer
substrate enters into a fluid state, leading to reflowing the
polymer material after the deembossing stage. The repli-
cability was found to increase with embossing pressure and
decrease with the speed of the roller. The SEM image of
the embossed micro-pattern over the polymer substrate at
optimum condition is depicted in Fig. 18d. This method
effectively fabricates optical components at a cheap cost
and high throughput (Liu et al. 2012).

Shih-Jung Liu et al. (2012) fabricated nano-scaled pat-
terns on both sides of the PET (polyethylene terephthalate)
film of 60 um thicknesses based on this approach. It acts as
an anti-reflection layer implemented in solar cells for
performance improvement. The result shows that this nano-
patterned film efficiently decreases the reflection to 4.4%
from 7.4% in the wavelength range of 300 nm to 700 nm
and enhances solar cell’s conversion capability.

4.5 Inductive aided roll-to-roll hot embossing
(inductive R2R-HE)

In R2R-HE, polymer substrate passes through the heated
embossing roller and supporting roller. Through the
embossing step, all the heat from the embossing roller is
transmitted to the polymer web/workpiece. Due to the
continuous process, it is challenging to cool the embossed

Pneumatic actuated

(b)

Upper IR heater

Upper roller
temperature
controller

film or extract such a massive amount of heat through one
cycle. So it is necessary to implement a mold, which is
heated and cooled within a short interval of time. So it is
essential to heat the surface of the mold instead of heating
the entire mold. It can be achieved with the help of
induction heating. In this case, a high heating rate (more
than the 100 °C/s) can be attained (Yao et al. 2006; Kim
et al. 2007; Eom and Park 2009; Kimerling et al. 2009).
This induction heating module was implemented in
R2R-HE. The schematic and actual setup of the inductive
aided R2R-HE is illustrated in Fig. 19a and b, respectively.
In this setup, electroformed micro and nano-patterned
nickel molds were developed and wrapped around the
embossing roller and idle roller. The conveyor mold was
passed within the induction coil instead of being placed
over it. The surface area of mold was increased by having
longer mold. The mold was also exposed to both sides
during its separation from the embossing roller indicated in
Fig. 19a. Consequently, the rate of heat transfer was
increased through external forced convection. The PET
(polyethylene terephthalate) layer of 0.2 mm thick was
used as the substrate in this work. The preheating of the
substrate was carried out through the UV system. The
conveyor mold target temperature (T7,..,) Was achieved
by setting the induction heater power and roller speed at an
optimum value. To check the potential of this setup, two
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b Actual setup of the inductive roll to roll hot embossing, ¢ SEM
image of micron-sized pattern (30 um) in length, and d AFM image

electroformed nickel molds consisting of micro-sized
(30 um) and nano-sized (250 nm) patterns were repro-
duced over the PET (polyethylene terephthalate)
web/workpiece. These micro/nano-scaled patterns over the
conveyor mold were well replicated on the PET (poly-
ethylene terephthalate) film at a mold temperature equal to
250 °C. The SEM image of micron-sized pattern (30 um)
in length and AFM image of nano-sized pattern having
250 nm linewidth, 375 nm periods, and 200 nm height
embossed over PET substrate is shown in Fig. 19¢ and d,
respectively (Fagan et al. 2009).

Furthermore, for the uniform heating of the embossing
roller surface, Yun et al. (2012) fitted the inductive heating
coil inside the embossing roller. This uniform heating
promotes better precision and repeatability of embossed
micro-patterns. The structural analysis of the embossing
roller with an inductive coil was carried out by FEA (finite
element analysis) to examine the maximum stresses and
deflection developed throughout the embossing step. The
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of nano-sized pattern having 250 nm linewidth, 375 nm periods, and
200 nm height embossed over PET substrate (Fagan et al. 2009)

outcome of structural analysis confirms that the induced
stress is less than yield stresses, and an inductively heated
embossing roller is safe from a structural strength point of
view. The electromagnetic analysis was carried out to
design the inductive heating coil. The roller temperature
was estimated at the center and 50 mm apart from the
roller center via a thermocouple and data acquisition sys-
tem. It is noted that saturation time, i.e. (time for stabi-
lization of temperature) equals 25s to reach the
temperature of 200 °C. The micro-patterns were fabricated
on the embossing roller along length direction by electro-
forming and engraving process. During fabrication of mold
through electroforming, undercutting takes place. After the
experimentation, it is observed that the width of the
embossed micro-patterns is larger than the width of the
electroformed mold because of the undercut phenomenon.
In contrast, width is narrower in the case of engraved mold
due to the capillary phenomenon. Therefore, it is preferable
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to use electroformed mold than engraving mold to attain
better precision and replication accuracy.

4.6 Ultraviolet (UV)-assisted gasbag roll-to-plate
hot embossing

To get better pressure uniformity during the embossing
stage and improve the precision of the embossed micro-
patterns, an ultraviolet (UV)-assisted gasbag roll-to-plate
embossing setup was developed. The schematic of the
ultraviolet (UV)-assisted gasbag roll-to-plate hot emboss-
ing setup is depicted in Fig. 20a. This setup consists of a
moving platform, ultraviolet curable resin, belt type mold
of polydimethylsiloxane (PDMS) material, polymer sub-
strate, gasbag roller, and ultraviolet (UV) lamp. A DC
(direct current) motor and lead screw control the velocity
of the moving platform. The gasbag roller was fabricated
by wrapping the sealed silicone tube around the aluminum
roller. A gas inflated gasbag roller at particular gas pressure
presses the belt type mold against the substrate.
Furthermore, external pressure was applied at both ends
of the gasbag roller through a pneumatic cylinder. For the
fabrication of belt-type mold of polydimethylsiloxane
material, firstly, the polydimethylsiloxane solution was
spin-coated on the embossed micro-lenses on polymer
substrate followed by the baking process. Next, this

polydimethylsiloxane film with micro-cavities was peeled
off from the embossed micro-lenses. Finally, it is stuck on
the belt-type PET (polyethylene terephthalate) film of
180 pm thickness with the help of silicon glue. After that,
the UV (ultraviolet) lamp was turned on. Then, the gas bag
roller was driven, and the UV (ultraviolet) resin-coated
polymer substrate was moved via the moving platform to
start the roller embossing. Finally, the gasbag roller was
inflated at a gas pressure of 40 kPa, and 80 kPa of external
pressure was applied at both sides of the gasbag roller shaft
through a pneumatic cylinder.

The homogeneity in pressure distribution was examined
using a pressure-sensitive film. This film was positioned at
the location of the polymer substrate. The consequences of
the internally and externally applied pressure on the pre-
cision of embossed micro-lenses were systematically
investigated. This work shows that incomplete filling of
mold was observed when inflated gas pressure was below
30 Kpa. This incomplete filling is due to the lower pres-
sure, which was incapable of pressing the conveyor mold.
Slip in embossed micro-patterns was observed when inner
gas pressure is too high. This slip is due to higher gas
pressure and lower contact area. The distortion in the
embossed micro-lenses was observed when inner gas
pressure was set at a high value. This distortion in
embossed micro-lenses is due to a high value of internal
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gas pressure, which causes deformation in the micro-cav-
ities on the PDMS (polydimethylsiloxane) mold. The pro-
file of embossed micro-lenses was investigated using 2D
and 3D surface profiler. The optical characteristic, i.e., FL
(focal length), ROC (radius of curvature), and the numer-
ical aperture of embossed micro-lenses, was measured by a
light focusing system. This setup successfully fabricated
micro-lenses of diameter = 95 pm, with a pitch = 200 pm
and sag height = 9.5 pm. This setup is also helpful for
manufacturing light guide plates at a cheap cost and high
manufacturing rate (Wu and Yang 2010).

With the help of this setup, nano-scaled pillars were
fabricated on a polycarbonate substrate. But in this case,
seamless PDMS (polydimethylsiloxane) mold was used.
These nano-scaled pores were developed in the internal
part of an aluminum pipe through an anodic aluminum
oxide process. Then PDMS solution was cast into it until its
thickness reached 3 mm. This PDMS (polydimethylsilox-
ane) casted ring was cured at ambient temperature for 24 h,
and a seamless PDMS (polydimethylsiloxane) mold was
produced. Further, it was wrapped around the gas bag
roller, and embossing was carried out. The anti-reflection
effect and hydrophobicity effect of embossed polycarbon-
ate film were investigated. After the embossing, the
reflectance decreased from 14% (plain polycarbonate film)
to 2% (nano-pattered polycarbonate film), and the contact
angle or wetting angle increased from 77.5° (simple
polycarbonate film) to 124.1° (nano-pattered polycarbonate
film) (Lee et al. 2018).

4.7 Inductively coupled infrared (IR) assisted
roll-to-plate hot embossing

Micro-lenses array is a primary part of optical devices
(Kunnavakkam et al. 2003; Baroni et al. 2010), and its light
transmission efficiency depends on the surface absorption
and its reflection (Ko et al. 2011; Jung et al. 2011; Jung and
Jeong 2012). Antireflection is achieved by fabricating
nano-patterns on the surface of the micro-lenses array
(Pacholski et al. 2012; Li et al. 2019b; Xie et al. 2019). For
optical applications, glass is preferred over polymer due to
its properties like high reflective index, negligible ultravi-
olet absorption, and high transmittance. In addition, it can
work in higher temperatures and corrosive surroundings.
Initially, the fabrications of micro/nano-patterns on glass
substrate approaches like dry etching, maskless E-beam
lithography, etc., were primarily used. But these processes
are slow, time-consuming, complicated, considerably
tedious, and can fabricate micro/nano-patterns in a limited
area. Roller embossing solves these issues.

As already explained, Chih-Yuan Chang et al. (2006b)
fabricated micro-lenses on a glass substrate by ultraviolet
(UV)-assisted R2P-HE. In this case, the ultraviolet curable
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resin was spin-covered over the glass substrate, and then
embossing was performed. This ultraviolet (UV) curable
resin influences the fundamental optical properties of glass.
Po-Lin Chen et al. (Chen et al. 2015) developed an
inductively coupled infrared-assisted R2P-HE set up to
fabricate the micro-lenses directly on a glass substrate. The
setup is illustrated in Fig. 20b. With the help of this setup,
anti-reflective micro-lenses were directly developed over a
glass workpiece/substrate. This setup consists of a pneu-
matic cylinder, a steel roller integrated with an induction
heater for heating the surface of the roller, and an infrared
(IR) heater to pre-heat the upper surface of the glass. The
lower surface of the glass was heated by the heated plate
placed on the moving platform. The micro/nano-patterned
cross mold was wrapped around the roller. The ceramic
bearing was attached to the roller’s two ends to prevent
heat transfer from the roller to the pneumatic cylinder. The
pneumatic cylinder applied pressure onto the roller through
the ceramic bearing, and it presses the mold against the
glass substrate. The temperature of the roller was observed
continuously through infrared thermometers. The detailed
fabrication procedure of the micro-nano hierarchical pat-
tern mold is shown in Fig. 20c.

In the first fabrication stage, Nickel microlens mold was
manufactured through lithography followed by the Ni-
electroforming process. Next, embossing was carried out
using Nickel microlens mold and aluminum sheet as a
substrate. The micro-cavities were developed on the alu-
minum sheet, and this micro-patterned sheet was dipped
into the electrolytic solution (phosphoric acid) for the
anodic aluminum oxide (AAQO) process. Thus nano-scaled
pores were developed on the entire surface of the mold.
The diameter of the pores varied as per changes in the
anodizing voltage and the working temperature of the AAO
(anodic aluminum oxide) process. This hybrid micro/nano-
patterned steel mold was then wrapped around the cylinder.
The hot plate and infrared heater preheated the glass sub-
strate until the required temperature was reached. After
attaining the required temperature, the embossing was
started. The consequence of operational parameters on the
quality of embossed anti-reflective micro-lenses was sys-
tematically investigated. The anti-reflection properties
were investigated by measuring the spectral reflectance
through the microscopic spectrometer. It is noted that the
reflectance at the wavelength of 550 nm (sensitive to the
human eye) reduced from 7.63 to 0.53%.

4.8 Roll-to-roll hot powder embossing (R2R-HPE)

In roll-to-roll hot powder embossing (R2R-HPE), the
powder sintering process is combined with roll-to-roll hot
embossing (R2R-HE). The powder sintering process has
the advantage of near-final shape forming, and R2R-HE
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promotes the continuous fabrication of micro-patterns on
polymer substrate. The structures are made up of polymeric
powder, while the base is the substrate that is fed. The
schematic setup of the roll-to-roll hot powder embossing
(R2R-HPE) is depicted in Fig. 20d.

The polymeric powder is fed through the hopper, and it
moves along the polymer substrate. It passes through the
micro-cavities (mold) on a roller with slight deformation
during the embossing stage and is sintered before the
deembossing stage. In this experiment, polyethylene pow-
der of 29 um particle size was used. The differential
scanning calorimeter was used to measure melting tem-
perature (133 °C) and specific heat (1.32 kJ/kg °C) of
polyethylene powder. The nickel mold with micro-pyramid
cavities was implemented, and a PET (polyethylene
terephthalate) foil of 125 pm thick was used as a work-
piece. During this process, many times, unmolten particles
were leftover in the interior of the embossed micro-pat-
terns. Therefore, unevenness was noticed in the embossed
micro-pattern. To prevent this, a powder feeding model
was designed according to the one-dimensional heat con-
duction equation. This model gives the relationship
between the process parameters and maximum allowable
powder quantity. Whenever feeding powder quantity is
lower than the maximum permissible powder quantity,
uniformity in the embossed micro-patterns was observed.

The process parameters like applied force (AF),
embossing temperature (7,), and feeding speed (FS) were
modelled by response surface methodology; as the
embossing temperature increases, the material flowability
increases. When its temperature goes beyond the 7,,, the
polymer workpiece comes to the viscous flow state. Con-
sequently, at greater values of 7, the height of the
embossed micro-patterns is close to the mold height. At the
embossing load of 35 kgf, the porosity of the powder
reaches zero, and the contact area increases due to the
adequate compactness of the polymer powder. The
ANOVA result confirms that 7, has more impact than the
other two operating parameters. The optimum value of
operating parameters was 7, of 135 °C, applied force (AF)
of 3Kgf, and feeding speed (FS) of 0.4 m/min (Yi et al.
2018).

5 Commercial applications of hot
embossing (HE)

The commercial applications of hot embossing are classi-
fied according to the domain where it is mainly used. It is
primarily employed in the three domains, i.e., optical,
biomedical, and micro-electro-mechanical systems
(MEMS). The various commercial applications in this

domain are listed in Table 1. Few applications of the hot
embossing in the multiple domains are shown in Fig. 21.

6 Critical analysis of roller embossing

This segment sums up the previous discussion about the
recent innovations in roller embossing and outlines the
critical points of roller embossing techniques. The need for
various roller embossing methods and their effectiveness in
dealing with these limitations are better understood from
this table. The critical analysis of roller embossing is
encapsulated in Table 2.

7 Direction of future work

Research in roller-based hot embossing processes has
begun relatively recently, around 2005 onwards. Therefore
there is a lot of scopes in which the research can be pro-
gressed in this area. However, few of those approaches
have been discussed here.

Sung-Won Youn et al. (2008) implemented an auto-
matic mold releasing mechanism in roll-to-plate hot
embossing. In contrast, HyungJun Lim et al. (2011)
incorporated the movable press roller in roll-to-plate hot
embossing. But in both setups, heating was carried out
through the heating coil. For future research, the UV sys-
tem may be implemented in these setups by merely coating
the UV (ultraviolet) curable resin on polymer and imple-
menting the UV source in the system. Consequently,
embossing could be done at room temperature, and vis-
coelastic recovery in the embossed micro-pattern can be
minimized.

Jarrett J. Dumond and Hong Yee Low (2012) developed
a theoretical model for the time required for filling the
micro-cavities during embossing. But this model is only
applicable to uniform pressure distribution cases and infi-
nitely long micro-cavities of width (w) and height (H).
Future research on developing the theoretical model for the
non-uniform pressure distribution and different micro-
cavities shapes like circular, triangular, micro-pyramidal,
etc., can be carried out. Ting et al. (2008b) developed the
anti-reflection film by fabricating the conical, cylindrical
array using the Ni-electroformed mold in the UV roller
embossing. The average diameter, average height, and
pitch of the conical-cylindrical array are equal to 200 nm,
350 nm, and 400 nm, respectively. In this case, the
reflectance was achieved less than 2.45%. But currently,
industries try to accomplish the reflectance of anti-reflec-
tion film below 0.1%. So in the future, there is scope to
fabricate a nano-scaled conical-cylindrical array having all
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Table 1 Commercial applications of hot embossing in various domains

Domain Commercial applications of hot embossing

References

1.Optical Micro-lens array

Anti-reflection film
Light guided plate
Fresnel-lenses

Brightness improvement film
Diffusive lighting panel

Optical waveguide

Lenticular lens array for rising the viewing angle in the displays

RGB colour filter for the LED display

Solar cell to enhance energy conversion efficiency

2. Biomedical Micro-fluidic chip

Deoxyribonucleic acid (DNA) separator
DNA test

Micro-containers for oral drug delivery
Micro-needles

Biosensor

Self-cleaning as well as an anti-biofouling surface achieved through

(Ong et al. 2002; Chang et al. 2006b, 2007)

(Ting et al. 2008a; Han et al. 2009; Yao et al. 2011;
Jacobo-Martin et al. 2021)

(Yang and Huang 2012; Yang and Yang 2013; Wu
et al. 2020; Wu and Liou 2021)

(Hung et al. 2013; Weng and Huang 2013; Zhang
et al. 2014b; Kuo and Chiang 2017)

(Wang and Tseng 2009; Yang and Huang 2013)
(Haponow et al. 2021)

(Yoon 2004a, b; Bruck et al. 2013)

(Ahn et al. 2007a)

(Liu and Chang 2007)

(Lee et al. 2021)

(Ng et al. 2007; Nugen et al. 2009; Ng and Wang
2009; Chen et al. 2014; Asif et al. 2021),

(Lee et al. 2001)

(Chen et al. 2005)

(Petersen et al. 2015; Abid et al. 2019)
(Abubaker and Zhang 2019; Li et al. 2019a)
(Prada et al. 2019)

(Kung et al. 2009; Lee et al. 2013; Patil et al. 2019)

fabricating the micro-patterns over the polymer surface

3. Micro electro-
mechanical
system

Micro-optical switches

Micro-nozzles

Micro-reactors

Enhance wear performance of coated tool
Electro-magnetic actuator

Micro-pumps

(Shan et al. 2002, 2005; Murakoshi et al. 2003)
(Liao et al. 2017)

(Metwally et al. 2012; Tollkotter et al. 2015)
(Song et al. 2021)

(Yun and Kim 2020)

(Chee et al. 2012)

dimensions less than 10 nm (nm) and try to achieve the
reflectance lower than 0.1%.

In thermal roller embossing, to increase the processing
speed, it is essential to raise the roller mold temperature
(Tyoia) near the melting temperature (7,01in,) Of the
polymer web to reduce the viscosity and filling time. But in
this case, due to continuous embossing, it is tough to
minimize the temperature of the embossed substrate below
the T, before the deembossing. Due to this, viscoelastic
recovery took place, affecting the precision of the embos-
sed micro-pattern. This viscoelastic recovery is accept-
able in micron-scaled embossing, but it is not permitted in
nano-scaled embossing. So there is future scope to imple-
ment an effective cooling system to achieve good accuracy
in nano-scaled embossing through thermal roller emboss-
ing. In the future, this viscoelastic recovery can be reduced
by minimizing the heating volume of the polymer sub-
strate. It means only the polymer substrate, which comes in
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contact with roller mold, should be heated through the
focused heating method.

In UV roller embossing, the anti-stick coating applied
over the roller mold was degraded when exposed to a UV
light source for a long time. To avoid this, soft roller molds
manufactured from PDMS (polydimethylsiloxane) or
ETFE (Ethylene tetrafluoroethylene) were used. In the
future, there is scope to investigate the chemistry of anti-
stick coating and UV curable resin so that the normal
metallic mold with the anti-stick coating can be used in the
UV roller embossing.

By taking motivation from modified setups of the tra-
ditional hot embossing (HE), the R2R-HE setup has
already been modified. Researchers have systematically
studied process parameters to evaluate the influence of
operating parameters over replicability. The optimization
of process parameters of an R2R-HE has been performed.
Recently RSM (response surface methodology) has been
applied to optimize R2R-HE parameters. In the future,
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(1) Micro-mixer

(¢) Plastic diffuser

Micro-optical switch

. Micro-reactor
Flow in

»
1 Flow out
»

(i) Micro-pump

Fig. 21 Some applications of hot embossing in the various domains-
a Fresnel lens (Hung et al. 2013), b micro-lenses array (Ong et al.
2002), ¢ Plastic diffuser (Huang et al. 2008), d Micro-fluidic chip
(Chen et al. 2014), e Micro-containers for oral drug delivery (Abid
et al. 2019), f Micro-needle (Li et al. 2019a), g Bio-sensor (Prada

advanced optimization techniques or nature-inspired opti-
mization techniques may be used to attain better optimum
results.

Fewer simulation-based studies have been carried out in
roller embossing processes, and whatever work is avail-
able, it focuses on only one aspect of the process. There is a
scope to work on this area.

8 Summary

This section summarizes the review article in graphical,
numerical and statistical way. It is intended to help the
researchers/scientist/readers to analyze data related to
recent innovations in roller embossing. Figure 22a gives

Micro-needles

¥

contact angle > 150°
(superhydrophobic
surface)

INSSNNN
Super-hydrophobic
surface

(@

ol o

Bio-sensor

et al. 2019), h Super-hydrophobic surface for self cleaning application
(Lee et al. 2013), i Micro-pump (Chee et al. 2012), j Micro-optical
switch (Shan et al. 2005), k micro-reactor (Sucularli et al. 2020), and
1 micro-mixer (Tollkétter et al. 2015)

brief idea about the various micro-manufacturing processes
used to fabricate the mold for embossing process. This
graph shows the number of published articles in the
respective year related to particular micro-manufacturing
process. Figure 22b depicts percentile contribution of
micro-manufacturing methods used to fabricate the mold
for embossing process. From the analysis it is clear that
majorly UV/X-ray/EBL followed by NE/RIE/WE have
been used to fabricate the mold. But due to complexity of
process researchers slowly moved towards non-conven-
tional machining process i.e., micro-EDM, micro-milling
etc. Figure 22¢ shows the number of articles published in
the respective year related to the recent innovation in tra-
ditional hot embossing. From this it is clear that nowadays
researchers are working on the induction aided hot

@ Springer



1104

Microsystem Technologies (2022) 28:1077-1114

Table 2 Critical analysis of roller embossing

Sr.
No.

Different roller embossing setups

Critical analysis

1

Roll to plate hot embossing with mold releasing
mechanism and moving press roller

UV-assisted roll to plate hot embossing

Roll to roll hot embossing

Hybrid extrusion roll to roll hot embossing

Double-sided roll to roll hot embossing

Infrared and inductive aided roll to roll hot
embossing

Roll to roll hot powder embossing

It is a batch-wise embossing process, but the area embossed in one cycle is still
greater than conventional hot embossing. The embossing area in one cycle
depends on the size of the mold

An automatic mold releasing mechanism and moving press roller are incorporated
to avoid distortion in the embossed micro-pattern

In roll-to-plate hot embossing and its modified setup, a heating coil was used for
heating purposes. It heats the polymer above T, and then it is rapidly cooled
during deembossing. Because of this rapid cooling viscoelastic recovery takes
place, which affects the replicability of the embossed structures

To overcome this UV assisted roll-to-plate hot embossing was developed. UV-
curable resin is spin-coated on the polymer substrate in this setup, and a UV
source is used during the embossing. This process can be performed at room
temperature, so there is no chance of viscoelastic recovery. This approach gives
better replicability

But this approach cannot be used to fabricate micro-patterns for biocompatible
devices since UV curable resin is not chemically inert. Recently, to attain better
pressure uniformity during the embossing stage, a gas-bag roller is implemented
instead of a regular embossing roller to enhance the precision in the embossed
micro-pattern

It is a continuous embossing process which is a big requirement of commercial
manufacturing industries. But a roller-based manufacturing route has the issue of
the presence of seam on the embossing roller, resulting in a discontinuity in the
embossed micro-patterns

Initially, trial and error are required to set the process parameters, especially roller
speed and embossing temperature, at an optimum level. Different defects are
present in the embossed substrate if the parameters are not set at the optimum
level

It combines extrusion with the hot embossing process. In this case, extruded
polymer at higher temperature is used as substrate and immediately passed
through roll-to-roll hot embossing set up to carry out the embossing

Because of this, the reheating of the substrate is not necessary, which lowers the
developed thermal stresses in the embossed part and improves its thermal
stability. Naturally, it is suitable for those industries which already have an
extrusion setup

The embossing is carried out on both sides of the polymer substrate to achieve
higher productivity. The simultaneous double-sided roll-to-roll hot embossing is
preferred over the sequential double-sided roll-to-roll hot embossing since it
gives better replicability

Due to short allotted times for the embossing and deembossing stage, it is
challenging to quickly heat and cool the embossing roller and polymer substrate
in roll-to-roll hot embossing. As a result of that, viscoelastic recovery and
distortion are observed in embossed micro-pattern

To address this, only the surface of the embossing roller is heated in this approach,
and the polymer substrate is preheated to a value that is just below the T, before
embossing. It gives better replicability in the embossed micro-patterns

The powder sintering process is merged with the roll-to-roll hot embossing process
to attain near net shape and continuous embossing and minimize viscoelastic
recovery in embossed micropattern

The sintering process is carried out during the deembossing stage. To avoid the
unmolten powder particles in the embossed micro-pattern, it is necessary to feed
the powder quantity at optimum value. In this process, embossing temperature
significantly affects embossed quality compared to the applied force and feeding
speed of the polymer substrate
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Fig. 22 a Number of articles
published in the respective year
related to various micro-
manufacturing process used to
fabricate the mold, b Percentile
contribution of micro- 12
manufacturing method used to
fabricate the mold, ¢ Number of
articles published in the
respective year related to the
recent innovation in traditional
hot embossing, d Percentile
distribution of work related to
recent innovation in traditional
hot embossing, € Number of
articles published in the 4
respective year related to the
recent innovation corresponding
to the roller embossing,

f Percentile contribution of

(a) 16

-
o

No. of articles (Units)

Years
(2002-2022)

X-ray/UV/EBL—> NE/RIE/WE:
X-ray/UV/Electron beam lithography
followed by nickel electroplating,/
reactive ion etching/wet etching.
M-PL—>PE: Maskless photolithography
followed by plasma etching.

EBW: Electron beam writing.

9
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(b) % Distribution of micro-manufacturing methods used to fabricate mold

CNC
millin

p-scale
hot wire

embossing and ultrasonic hot embossing as it setup mini-
mizes embossing time from few minutes to few seconds
and also enhances the replication by applying the
embossing pressure uniformly. Figure 22d shows per-
centile distribution of work related to recent innovations in
traditional hot embossing. Among all of these UHE con-
tributes more i.e., 41%. Figure 2le depicts the graph
related to the number of articles published in the respective
year related to the recent innovation corresponding to the

Skin
- € 206
(]

Shark PDMS

casting
2%

Maskless
photolithography
followed by
plasma etching
2%

2%

roller embossing. Most of the researchers worked on the
thermal assisted R2R-HE followed by UV aided R2R-HE
and Inductive aided R2R-HE. Recently researcher’s focu-
ses on induction aided R2R-HE setup. Figure 22f shows
the percentile contribution of work related to recent inno-
vation in roller embossing. The thermal assisted R2R-HE
contributes more i.e., 36% of total innovations in RHE
followed by UV aided R2R-HE (14%), and inductive aided
R2R-HE (10%).
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Fig. 22 continued © 16

15 - GPHE: Gas pressurized hot embossing;
p-Powder-HE: Micro powder hot embossing;
14 4 IHE: Inductive aided hot embossing;
1 3 | HF-HE: Hot fluid based hot embossing;
LHE : Laser aided hot embossing;
12 - Infra-HE: Infrared based hot embossing;
~~11 -4 UHE: Ultrasonic hot embossing;
CO,—-HE: Carbon dioxide aided hot embossing;
LFHE: Low force hot embossing
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2008

W

% Distribution of work related to recent innovations in traditional hot embossing

9 Conclusions

To fabricate micron and nano scaled patterns over a large
area of the polymer web, industries focus on developing a
manufacturing process capable of manufacturing these
patterns on a large scale. Roller embossing is one of the
processes having cheap cost as well as a high output. It
overcomes the issue of batch mode embossing that arises in
the traditional hot embossing. Roller embossing, especially
UV roller embossing, can achieve nano-scaled patterns
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Low force-HE

1

Hot fluid

based-HE
Laser 304

Infrared assisted-HE
based-HE 3%
3%

with high precision over a large area. It is complicated to
fabricate with traditional hot embossing (HE) because of
the viscoelastic recovery of polymer in traditional hot
embossing. The important conclusions of this comprehen-
sive review are summarized as follow:

(1) Continuous embossing of the thermoplastic polymer
with thermally assisted roller embossing is a
favourable method because of the tool setup and
versatility of the polymer material. Ample heat,
optimum pressure, an appropriate roller mold, and
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Fig. 22 continued (e)

2

22 (1998-2021)

20 4 I-R2R-HE: Inductive aided R2R-HE;
71R2R-HE: Roll to roll hot embossing;
18 | R2P_HE: Roll to plate hot embossing.

2 3 T-R2P-HE: Thermal assisted R2P-HE;
UV-R2P-HE: Ultraviolet assisted R2P-HE;
UV-2W-R2P-HE: Ultraviolet assisted two
wheels R2P-HE;
UV-G-R2P-HE: UV assisted gasbag R2P-HE
I-IR-R2P-HE:Inductively coupled infrared
assisted R2P-HE;
T-R2R-HE: Thermal assisted R2ZR-HE;
UV-R2R-HE: UV-assisted R2ZR-HE;
H-Ext-R2R-HE: Hybrid extrusion R2ZR-HE;
DS-R2R-HE: Double sided R2ZR-HE;
IR-DS-R2R-HE: Infrared assisted double
sided RZR-HE

(f) % Distribution of work related to recent innovations in roller embossing

IR-assisted

Doublesided double sided

R2R-HE
3%

R2R-HE
2%
Hybrid
extrusion

R2R-HE
6%

thermoplastic polymer that can be embossed directly
are required for proper replication of micropatterns
over the surface of the polymer. In thermally-assisted
roller embossing, the polymer web embossed
directly, eliminating the need to place a medium
over the polymer surface like UV roller embossing
and eliminating the additional processing stages, like
a uniform deposition, spreading of resin over the
substrate. The methodology is often versatile in the
selection of materials. The roller mold is

R2R hot
powder-HE

(@)

2%

UV-assisted two wheels
2%

UV-assisted

2%

Inductively
coupledIR
assisted
R2P-HE 2%

manufactured through different materials, and vari-
ous varieties of polymer substrate may be used.
Additionally, semi-conductive polymers and lumi-
nous polymers that are embossed directly with this
method are not easy to achieve with UV roller
embossing. The chemistry needed for curing process
affects its functionality.

The thermally-assisted roller embossing with seam-
less roller mold, useful for the broad area embossing
with less time, ultimately reduces the manufacturing

@ Springer



1108

Microsystem Technologies (2022) 28:1077-1114

cost of commercial applications like an array of
micro-lenses, displays, anti-reflection  films,
hydrophobic surface, etc.

(3) The UV roller embossing requires less pressure to
replicate the micro-patterns over the mold onto the
workpiece than thermally-assisted roller embossing.
Because of the low pressure, the accumulating type
of defects arising from the residues or dust particles
in the mold is avoided. Thus, it helps to enhance the
mold life and improves replication quality. In
addition, due to the low pressure, soft mold fabri-
cated from polydimethylsiloxane (PDMS) and ethy-
lene tetrafluoroethylene (ETFE) materials having
low surface energy can be used. Because of this, it is
not necessary to apply an anti-stick coating over the
mold.

(4) In UV roller embossing, UV curable resin was used;
this UV curable resin does not have T, like polymer
material used in thermal roller embossing. Therefore
UV curable resin does not undergo viscoelastic
recovery at a particular temperature. Thus, with the
help of UV roller embossing, it can fabricate the
nano-scaled patterns with precision over the polymer
web.

(5) Itis necessary to implement the roller mold, polymer
web, and backing roller free from surface waviness
and non-uniformities in the UV roller embossing.
Otherwise, the non-uniformities are easily trans-
ferred over the UV curable resin during the process
and result in an uneven residual layer and under-
filling of the cavity over the mold.

(6) To replicate a complex profile over a large area, roll-
to-plate hot embossing was developed. This setup is
further modified by implementing an automatic mold
releasing mechanism and movable press roller to
enhance the replicability by minimizing distortion in
the deembossing stage. To minimize viscoelastic
recovery observed after deembossing, ultraviolet
(UV) curable R2P-HE was developed in which
embossing could be performed at 7, (room temper-
ature). But still, R2P-HE is a noncontinuous and
batch-wise manufacturing process. In addition, the
size of the mold limits the area embossed per cycle.

(7) For continuous embossing of micro-patterns on a
polymer web/workpiece, R2R-HE was developed.
The roller speed, T,, and P, were found to affect the
replication quality significantly. In addition, due to
the absence of the cooling process in the deemboss-
ing stage, thermal reflow was observed. It reduces
the accuracy of the embossed part obtained after
embossing.

(8) Different types of defects like bubble, platform, and
collapse type defects were observed in R2ZR-HE. The
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root cause of this defect is the improper setting of
process parameters. The shape-preserving mecha-
nism was studied to minimize such defects, and a
systematic study of process parameters was carried
out. The experimentation shows that a higher value
of a tensile force of shape-preserving unit results in
higher wrap angle and contact pressure. Therefore, it
leads to a longer flow time helps to improve
replicability. The working temperature range
extended from 135 to 170 °C and feeding speed
(FS) of polymer from 0.5 to 2.5 m/min through the
shape-preserving mechanism. Recently optimization
of process parameters of R2R-HE has been per-
formed to find the optimal level of working param-
eters and the impact of individual working
parameters on the replicability.
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