
1. Introduction
In recent years, fabrication of polymer based micro
components for optical and biomedical applications
has gained increasing attention [1]. Micro-molding
of polymer-based materials has the advantages of
low cost, good biocompatibility, high optical clarity
and high impact strength. Hot embossing and micro
injection molding are the most industrially viable
processes used for molding micro- and nano-pat-
terns. The hot embossing process uses a pre-heated
mold in an evacuated chamber, and is subsequently
brought into contact with the thermoplastic polymer
melt. After pressing the mold onto the polymer
melt, the system that consists of the tool and part is
cooled down, after which the part is demolded. The
hot embossing process is suitable for replicating
complex or high aspect ratio (> 2) microstructures

[2, 3]. However, a major inconvenience encountered
through this process is the need of long cycle times
for heating and cooling both the mold and the mate-
rial [4]. In comparison, micro injection molding
possesses promising possibilities for mass produc-
tion due to the short cycle time and the process abil-
ity to be easily automated. In this context, micro-
injection molding of polymer materials is a key
technology for micro-and nano molding. With the
existing injection molding equipment and tech-
niques, complete replication of the micro- and sub-
micron structures with aspect ratios larger than 2
are hard to obtain for various reasons [5]. In order
to avoid incomplete filling of micro- and nano-pat-
terns, the mold temperature should be near or higher
than the softening temperature of the polymer dur-
ing the filling and packing phases. This is due to the
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fact that polymer melt above the glass transition
temperature exhibits sufficient fluidity, and thus the
polymer melt can adequately fill the sub-micron
patterns before entering the glassy state. [6, 7]. As
the aspect ratio increases, the mold temperature
must also increase [8, 9]. The variotherm system
[10] can satisfactorily reach such temperatures
without a dramatic increase in cycle time. However,
this process ultimately reduces the mold lifetime
[11] and demands expensive tools. Liou and Suh
[12] proposed an insulated mold insert that was
coated with Teflon for retaining the heat in the mold
cavity. Kim et al. [13] introduced nano-pattern
insert molding (NPIM) in which the nano-pattern is
molded using the poly(vinly alcohol) (PVA) tem-
plate film with nano-patterns on its surface. The
temperature near the mold surface would be main-
tained above no-flow temperature for a relatively
long duration by the polymeric stamper or coating
material that acted as a thermal barrier, inevitably
delaying the solidification of the polymer near the
mold surface. As a result, transcription would be
continued during the packing phase improving the
quality of replication. Recently, polymeric stampers
using PDMS have also been used for hot embossing
due to their economic and straightforward approach
to fabricate micro feature [14].

This study demonstrated the viability of a method
to use polymeric film as a stamper for injection
molding of micro patterns with a high aspect ratio
(> 9). The polymeric stamper patterned with
polyurethane acrylate (PUA) on the surface effec-
tively delayed solidification near the mold surface.
PUA resin used in this study is an ultra-violet (UV)-
curable polymer and forms cross-links after cure.
Therefore, the polymeric stamper using the PUA
does not have a melting temperature. In addition to
the thermal stability, PUA is a Rigiflex polymer that
possesses relatively high rigidity (>40 MPa) com-
pared to PDMS and has low surface energy.
The effects of the polymeric stamper on the temper-
ature profiles of the polymer melt and cavity sur-
face were analyzed using commercial software
Moldex3D. In order to verify the effect of the pack-
ing pressure and packing time on the transcription
during the delayed solidification provided by the
polymeric stamper, we fabricated micro-patterns
that have a width within the range of one to tens of
micrometers with a height of approximately 10 !m.

2. Experiment and heat transfer analysis
2.1. Fabrication of polymeric stamper
The polymeric stamper was prepared using polyeth-
ylene terephthalate (PET) film as a substrate with
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Figure 1. Illustration of silicon master fabrication process. (a) Si3N4 deposition and photolithography. (b) RIE.
(c) Anisotropic KOH etching. Si is vertically etched. (d) LOCOS. (e) RIE for removal of Si3N4 mask and RIE or
deep-RIE for Si etching. (f) Dioxide layer deposition for sealing. (g) Illustration showing the top side view of
anisotropic KOH etching. (h) Schematic view of microchambers at the end of nanochannel arrays.



PUA forming micro-patterns on the film surface.
First, a silicon master to imprint the micro pattern
was fabricated. The fabrication process comprises a
combination of anisotropic etching, the local oxida-
tion of silicon and the plasma etching of silicon

[15]. Figure 1 shows the fabrication process of the
silicon master using a 3-inch <100> oriented single
crystalline silicon wafer.
Once the silicon master is ready, the polymeric
stamper was prepared by imprinting micro pattern

                                                 Park et al. – eXPRESS Polymer Letters Vol.5, No.11 (2011) 950–958

                                                                                                    952

Figure 2. Illustration of fabrication process of flexible polymeric stamper and its installation on the mold wall. (a) Silicon
master is prepared. (b) PUA is dispensed on the silicon master. (c) PET film is pressed against the silicon master
with liquid PUA resin dispensed. (d) PUA resin is cured by irradiating ultraviolet light. (e) Pet film with PUA
micro pattern on the surface (polymeric stamper) is detached from the silicon master. (f) Polymeric stamper is
ready. (g) Polymeric stamper is attached on the mold wall.

Figure 3. The SEM surface image of the silicon master patterns and replicated PUA patterns. The pattern widths are about
90 !m (a and b) and about 1 µm (c and d). The height of the patterns is 10 !m



of PUA resin using the silicon master on PET film.
As illustrated in Figure 2, PUA (MINS 311RM,
Minuta Tech, Korea) resin was dispensed on the sil-
icon master. The silicon master was composed of
lines structure of varying channel widths, between
80 and 1.0 !m, with a channel depth of 10 !m (Fig-
ure 2a). Once the photocurable PUA was drop-dis-
pensed onto a master pattern (Figure 2b), a flexible
50 !m thick PET film was pressed against the liq-
uid drop (Figure 2c). A roller was used to distribute
the resin evenly. The film was then exposed to
ultraviolet light (wavelength: 250 ~ 356 nm) for
4 minutes, at an intensity of 90 mW/cm2 (Fig -
ure 2d). After UV curing, the fabricated stamper
was peeled off from the master using tweezers (Fig-
ure 2e). The patterned stamper thus prepared was
installed on one side of the injection mold cavity
(Figure 2f).
Different micro patterns were used in this study as
shown in Figure 3. Above mentioned technique
allowed self-replication of the mold even for very
fine patterns (less than 100 nm) with high aspect
ratio. The scanning electron microscopic (SEM)
micrographs are presented in Figures 3a and 3c for
the master and Figures 3b and 3d for the replicated
patterns with PUA. These micrographs demonstrate
the replication capability of the proposed method
for various pattern widths and aspect ratios.

2.2. Replication by injection molding
The injection molded plate used in this study was
rectangular in shape having dimensions of 60.0 mm"#
60.0 mm#1.0 mm. Polymethylmethacrylate (PMMA)
was injected into the cavity using an injection

molding machine (SE150 by Sumimoto). The injec-
tion molding conditions are listed in Table 1. The
injection speed, filling time, and melt temperature
were set to 250 mm/s, 0.09 s and 265°C, respec-
tively. In addition, three different packing pressures
were selected and two different packing times were
considered to see the effect of these parameters.
The above mentioned molding conditions were
chosen to evaluate the quality of transcription for
cases in which the patterns were less than 4 !m.
Patterns with channel width greater than 5 !m were
completely filled for the packing pressure above
5 MPa and the packing time of 0.5 s (Figure 4).
The replication of the micro pattern was quantified
using the ratio between the micro pattern depth and
the filling depth. The degree of transcription (DOT)
was defined as Equation (1):

                                                         (1)

where hf is the depth of filling and hm is the depth of
the pattern in the stamper.
It is noted that the polymeric stampers lasted more
than 100 injections for the patterning without caus-
ing significant deformation. Investigations of repli-
cated polymer surfaces by SEM and atomic force
microscopy (AFM) provided no evidence for abra-
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Table 1. Injection molding process parameters
Mold temperature [°C] 25
Melt temperature [°C] 265
Injection speed [mm/s] 250
Packing time [s] 0.5, 2
Packing pressure [MPa] 5, 10, 40
Filling time [s] 0.09

Figure 4. SEM image of the replicated pattern. Packing time was 0.5 s and packing pressure was 40 MPa: (a) Pattern with
low aspect ratio; (b) pattern with high aspect ratio.



sion residues of the PUA master on the polymer
surface.

2.3. Numerical analysis of temperature 
In order to investigate further the effectiveness of
the polymeric stamper as a thermal barrier, heat
transfer analysis was done numerically. The injec-
tion molding analysis software Moldex3D was used
to simulate the polymeric stamper effects on the
temperature variation during injection molding by
setting similar boundary and initial conditions to
the real processes. During the mold filling in the
injection molding, due to the thermal contact resist-
ance between the mold and the melt, the mold-melt
interface temperature (Tmt) is usually higher than
the set mold temperature (Tmb). In many cases,
however, Tmt may not be so different from Tmb [16].
In this study, Tmb was used to represent Tmt in the
molding simulations. In the simulations, initial
mold temperatures and the resin temperature were
set to be 30 and 265°C, respectively. Various film
thicknesses (50, 75, and 100 !m) were also assumed
for the simulations. Thermophysical properties
used in the calculations are listed in Table 2.
For the energy equation, the boundary condition is
defined as Equations (2) and (3):

q = hc(Tmt – Tmb) (z = p, Figure 5)               (2)

(z = p +f, Figure 5)           (3)

The heat transfer coefficient hc between the part and
mold base depends on materials, temperature, and
process conditions. The default value in Moldex3D

was used and the heat transfer coefficient in this
study was 5000 W/m2·K.

3.Results and discussion
3.1. Heat transfer analysis
The influence of the polymeric stamper on heat
transfer is identified by comparing the rate of tem-
perature increase on the mold surface with and
without the polymeric stamper and shows the effect
of PET film thickness (Figure 6). For conventional
injection molding, mold surface temperature rap-
idly rises when the melt contacts the mold surface
during the filling phase. For the case in which the
polymeric stamper is used, it retards heat flow into
the mold surface, resulting in a slower rise in the
mold surface temperature. As a result, the tempera-
ture of the polymer near the polymeric stamper sur-
face was maintained above no-flow temperature for
longer duration than the conventional injection
molding process, as shown in Figure 7 and Figure 8.
Because the viscosity is a function of temperature,
the fluidity of the polymer melt improved markedly.
Also, the fluidity was maintained for a relatively
longer period of time. This improvement indicates
that the polymer melt near the polymeric stamper
easily flows into the micro patterns even during the
packing phase as well as the filling phase.
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Table 2. Thermophysical properties used for heat transfer
anaysis

Mold (Steel) PMMA PET
Density [kg/m3] 7820 1160 1405
Thermal conductivity [W/m°C] 50.2 0.15 0.2745
Specific heat [J/kg°C] 485 2050 1924

Figure 5. Illustration of temperature profiles with the poly-
meric stamper as a thermal barrier

Figure 6. Change in mold cavity surface temperature with
time. Comparison of numerical results with and
without polymeric stamper.



3.2. Effect of the packing pressure and
packing time

A key to better transcription of micro patterns dur-
ing injection molding would be high fluidity of the
melt especially near the mold wall where the micro
patterns are located. The parameters related to flu-
idity of the melt would be, among others, the injec-
tion velocity and the melt temperature, and the
mold temperature. At higher melt temperature, the
polymer flows longer because of lower viscosity of
the melt and thus the degree of transcription and
pattern definition will be improved. Higher injec-
tion velocity also reduces cooling of the melt during
filling, and thus, improves pattern replication.
While higher mold temperatures will slow the cool-
ing and allow more melt to flow into the micro pat-
terns, the mold temperature significantly affects
how the packing pressure and packing time influ-
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Figure 7. Temperature profile near the polymeric stamper right after contact with the melt (0.01 to 2.0 s after the contact):
(a) with 50 !m thickness polymeric stamper, (b) without polymeric stamper. Results of numerical simulation

Figure 8. Temperature profile near the polymeric stamper
(10 !m from the mold or polymer stamper) and in
the interface between mold and melt right after
contact with the melt (0.01 to 1.0 s after the con-
tact). Results of numerical simulation.

Figure 9. Effect of the packing pressure and the packing time on the degree of transcription. Experimental data. (a) Degree
of transcription in relation to the packing time for the packing pressure of 5 MPa. (b) Degree of transcription in
relation to the packing pressure for the packing time of 0.5 s.



ences the transcription [17]. For cases in which the
mold temperature is low, packing pressure and
packing time do not significantly influence the fill-
ing depth in comparison to other conditions. It is
because the solidified layer near the mold wall pre-
vents polymer melt from flowing into the micro
patterns. As a result, if the temperature of the poly-
mer near the stamper surface is maintained above
the no-flow temperature for a long period of time,
packing pressure would improve the transcription.
The relationship between transcription and the
packing time is shown in Figure 9a. While the
packing pressure was maintained, the degree of
transcription increased. The degree of transcription
in relation to the packing pressure is shown in Fig-
ure 9b. As the packing pressure increased from 5 to
40 MPa, micro-patterns were completely replicated
without increasing the packing time. In addition,
the patterns with larger line-width were completely
filled at lower packing pressure and packing time.
For patterns with width less than 1!m, replication

quality was not consistent as can be seen from Fig-
ure 10. In summary, at relatively high packing pres-
sure (40 MPa) and long packing time (5 s), micro
patterns with narrow line width (down to about
1 !m) and high aspect ratio (above 9) was success-
fully replicated (Figure 11).
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Figure 10. SEM image of the replicated patterns under various packing pressures and times pattern width of 1 !m. As can
be seen, replication quality was not consistent (a–d).

Figure 11. SEM image of the replicated pattern with high
aspect ratio of 9.24.



4. Conclusions
This study demonstrates the viability to fabricate
micro patterns with high aspect ratios (>9) using the
polymeric stamper patterned with PUA on the sur-
face. The silicon master was made with a novel fab-
rication technique for generating silicon dioxide
channel arrays without the use of the nanolithogra-
phy technique and polymeric stamper was used
instead of the nickel mold insert. The temperature
of the polymer melt near the polymeric stamper sur-
face was maintained above the no-flow temperature
for a longer duration in comparison to conventional
injection molding. As a result, delaying the devel-
opment of the solidified layer and increasing the
fluidity of the polymer melt during the packing
phase as well as the filling phase near the stamper
surface improved the transcription quality for pat-
terns with a high aspect ratio (>9). The life of the
polymer stamper well exceeded 100 cycles, which
suggest a possibility of practical application. Com-
pared with conventional hard masters, durability
can be an issue for polymeric molds used in this
study. In order for the proposed method to be used
in the applications with high production runs, dura-
bility of the polymer stampers should be investi-
gated thoroughly.
Another important point is that the micro patterns
with high aspect ratio were fabricated without frac-
ture. The PUA mold used in this study had low sur-
face energy. Because of these advantages, the poly-
mer stamp using PUA had good demolding charac-
teristics and releasing the polymer from the stamper
was easy.
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