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Abstract A new technique was developed for emboss-
ing microstructures on thermoplastic substrates, which
can achieve high accuracy replication with little loss of the
production efficiency. The technique is no need of the pre-
heating process and cooling device. In the new technique,
just the surface layer of the polymer substrate was heated
through heat transmission and ultrasonic viscoelastic heat-
ing was the major heat source. For our new technology, the
temperature of the mould just provided the initial tempera-
ture of the mould-substrate interface and a higher bound-
ary temperature for embossing. The replication accuracies
of three embossing technologies were contrasted, including
ultrasonic embossing at room temperature (HER), thermal
assisted ultrasonic embossing (TUE) and local thermal
assisted ultrasonic embossing (L-TUE). The results indi-
cated that, the replication accuracy of L-TUE was approxi-
mate with TUE. Moreover, the effects of the processing
parameters on the replication quality, including average
replication depth and uniformity over the entire chip, were
investigated. Different with our prediction, the replication
accuracy did not monotonously improved with the ultra-
sonic force and the temperature of the mold. Finally, the
temperature test was carried out to study the temperature
characteristic of our new technology.
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1 Introduction

With the increasing need for polymer microcomponents in
micro-electro-mechanical systems (MEMS), e.g., microflu-
idic chips (Mark et al. 2010), micro sensors (Kafka et al.
2010), micro lenses (Oh et al. 2010) and optical gratings
(Liu et al. 2011), polymer microfabrication technologies
are becoming more important. Currently, the most com-
mon microreplication technologies for polymer include
hot embossing (Zhu et al. 2012), injection moulding (Yang
et al. 2013) and soft lithography (Qin et al. 2010). Hot
embossing and injection moulding are suitable for most
types of thermoplastics and provide high replication accu-
racy. However, hot embossing takes long time periods on
heating the entire substrate, which makes it inefficient for
mass production. Injection moulding requires a vacuum
unit and involves the design of a complicated mould (Yang
et al. 2013). Soft lithography usually is used in thermoset-
ting or photocurable materials, restricting its applications
(Qin et al. 2010). In recent years, a series of new tech-
nologies have introduced ultrasonic vibration into polymer
microfabrication. Ultrasonic vibration can provide high
heat production rates using simple devices. Thus, tech-
nologies employing ultrasonic vibration are advantageous
because of their short cycle times.

According the mould temperature and the major heat
source, the replication technologies employed ultrasonic
vibration for thermoplastics can be sorted into three catego-
ries: hot embossing assisted by ultrasonic vibration (HEU),
ultrasonic embossing at room temperature (UER), and ther-
mal assisted ultrasonic embossing (TUE). Table 1 shows
the differences among the three technologies. For HEU,
the entire substrate is heated above glass transition temper-
ature (Tg) of the polymer through heat transmission, and
then a small ultrasonic amplitude is applied as an auxiliary
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Table 1 The contrast among four ultrasonic embossing technologies

UER TUE L-TUE HEU
Mould temperature RT RT-HDT HDT-Tg Above Tg
Preheating time Without Several minutes Unnecessary Several minutes

Major heat source Ultrasonic vibration

Soft polymer bulk Local Local

Cooling unit Unnecessary

Ultrasonic vibration

Unnecessary

Heat transmission
Whole
Necessary

Ultrasonic vibration
Local

Unnecessary

heating source. Thermal assisted ultrasonic embossing is
just the opposite. The preheating temperature is below Tg,
so a larger ultrasonic amplitude is necessary to provide
most of the heat for embossing. Without heating the mould,
UER has the largest ultrasonic amplitude among the three
technologies.

Mekaru et al. (2007a) investigated the replication accu-
racies of three embossing technologies: atmospheric hot
embossing, vacuum hot embossing and hot embossing
assisted by ultrasonic-vibration. The results indicated
that hot embossing assisted by ultrasonic-vibration has
an approximate accuracy with vacuum hot embossing,
verifying that ultrasonic vibration can improve the repli-
cation accuracy. In their other article, micro hot emboss-
ing assisted by ultrasonic vibration was studied further
(Mekaru et al. 2007b). The maximum ultrasonic amplitude
was 1.8 wm, the preheating time was 5 min, and almost
all levels of preheating temperature were above Tg of the
polymer. The same team also studied thermal nanoimprint
assisted by ultrasonic vibration (Mekaru et al. 2008). The
application of ultrasonic vibration was found to greatly
improve the molding accuracy. In HEU, the small ultra-
sonic vibration is just as an auxiliary heating source, thus
heating the whole substrate above Tg is necessary. The
preheating process takes a long time, and that markedly
reduces the production efficiency. The hot plate, the mould
and the entire substrate all are above Tg of the polymer, so
a cooling unit is necessary for cooling the polymer sub-
strate below its Tg.

A lot of research on UER has been done. Liu et al.
(2005) used ultrasonic vibration to generate heat for micro-
embossing at room temperature (RT). As far as we know,
this is the earliest report of a technology using ultrasonic
vibration for polymer microembossing. Their research
results showed that it is an effective way of molding pre-
cise structures onto polymeric plates. Liu et al. (2009,
2010) enabled the rapid fabrication of single-side and dou-
ble-side surface-relief plastic diffusers by UER. A similar
method was used to fabricate superhydrophobic surfaces
on polymethyl methacrylate (PMMA) substrates (Cho et al.
2013). However, a milling steel horn was used as the mas-
ter mould, and the scale and the accuracy of the precise
structures do not meet the need of MEMS. Through MEMS
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fabrication technologies, a Ni mould was used for ultra-
sonic nanoimprint on engineering plastics (Mekaru et al.
2009) and a Si mould for nanoimprint lithography (Lin
and Chen 2006). For UER, ultrasonic vibration is used as
the only heat source and not the whole bulk of the polymer
substrate is softened during embossing. Heat dissipation
is enough to cool the polymer substrate below Tg, so this
technique does not need a cooling device.

Lin et al. (2009) developed thermal assisted ultrasonic
nanoimprint lithography. The film was preheated for 5 min
on a hot plate below Tg of the polymer. The results showed
that, the assisted-heating can improve the replication accu-
racy. In our previous work, thermal assisted double-side
ultrasonic embossing method was proposed (Luo et al.
2013). The entire substrate was preheated to 50-70 °C, far
below the Tg of the polymer. Ultrasonic vibration with the
amplitude larger than 7.8 pm, was applied to generate most
of the heat for embossing. And we proposed that, only pre-
heating the two surfaces instead the whole bulk of the poly-
mer substrate could shorten the preheating process. The pre-
heating temperature is below Tg of the polymer in TUE, thus
the ultrasonic vibration induced heat is the main heat source.
For this technology, a cooling device is also unnecessary.

Preheating the polymer substrate can improve the rep-
lication accuracy. Moreover, preheating the polymer sub-
strate allows smaller amplitudes to be applied, which pro-
longs the service life of the mould and avoids ultrasonic
cavitations of the Commercial polymer sheets. However,
it is not necessary to preheat the entire substrate. Just pre-
heating polymer in the forming area or even the surface
layer is adequate, which allows a shorter preheating time
or without a preheating process. High replication accu-
racy will be achieved with little loss of the production effi-
ciency. Therefore, local thermal assisted ultrasonic emboss-
ing (L-TUE) is presented here. Zhang et al. (2009) showed
that, friction heat is dominant when the temperature is
below Tg of the polymer, and viscoelastic heating becomes
violent and dominant when the temperature reaches the Tg
of the thermoplastic. This indicates that, the friction heat
stage can be skipped when preheating temperature is above
the Tg of the polymer. The ultrasonic time can be shortened
or a smaller amplitude can be allowed. Nevertheless, poly-
mer microstructures must be cooled below the Tg. Thus,
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Fig. 1 A photograph and the schematic of the embossing system

the preheating temperature between the heat distortion tem-
perature (HDT) and the Tg can reduce the ultrasonic time
without requiring extra cooling instruments. Table 1 shows
the contrast among this new technology and the previous
technologies employed ultrasonic vibration.

In our new technique, the silicon mould is preheated to a
temperature between HDT and Tg of the polymer. The pre-
heating process is shortened to several seconds and only the
surface layer of the polymer substrate is preheated through
heat transmission. That is, the energy provides by the pre-
heating process is far from enough for embossing and ultra-
sonic vibration is still used as a major heat source. The
temperature of the mould just provides the initial tempera-
ture of the mould-substrate interface and a higher boundary
temperature for embossing.

2 Embossing system

The embossing facility mainly comprises an ultrasonic
welding machine and a temperature control module. A
commercial ultrasonic welding machine (2000xf, Bran-
son Ultrasonics Co., USA) was used in all experiments.
The output frequency is 30 kHz, the maximum force is
680 N, the longest ultrasonic time is 30 s, and the ampli-
tude of ultrasonic vibration ranges from 6 to 60 pm with
an increment step of 0.6 wm. The temperature control mod-
ule is mainly composed of a copper hot plate for preheating
the mould and a temperature controller (XMT, Shanghai

Heating

rod

Temperature
Controller

Dezhao Instrumentation Company, China) for adjusting the
hot plate temperature. The hot plate was fixed on the anvil
of the ultrasonic welding machine, and a steel clamp was
fixed on the hot plate for holding the mould and the poly-
mer substrate. The hot plate temperature, as the feedback
for the temperature controller, was measured by a ther-
mocouple probe. The control accuracy of the temperature
controller is 1 °C. Figure 1 shows the photograph and the
schematic of the embossing system.

The silicon mould was fabricated by photolithography
and wet etching. The depth of etched microstructures is
9.59 wm. As shown in Fig. 2, the silicon mould was cut
into a size of 20 x 20 mm, the pattern consists of a series
of micro-grooves and the pattern area is 11 x 11 mm.

Polymethyl methacrylate (PMMA), a typical engineer-
ing plastic widely used in polymer micro components,
was selected in our experiments. PMMA substrates (Optix
Acrylic Sheet, Asahi Kasei Corporation, Shanghai, China)
with a thickness of 2 mm were cut into 32 x 32 mm. The
HDT and the Tg of PMMA are 95 and 105 °C, respectively.

3 Experiments
3.1 The embossing procedures
Figure 3 shows the procedures for the three embossing tech-

nology employed ultrasonic vibration: (1) ultrasonic emboss-
ing at room temperature, (2) thermal assisted ultrasonic
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Fig. 2 The silicon mould used
in the experiments: a a optical
photograph and b a SEM photo-
graph of the mould

Fig. 3 The procedures for the ke 0 abovery;  EEEE Rr-7g
three embossing technology
employed ultrasonic vibration [N rorn C——J polymer Mold S  Melt base
(a UER, b TUE, ¢ L-TUE)

1. Setup 1. Setup and heating the 1. Setup

2. Applying ultasonic vibration

3. holding

4. demolding

embossing and (3) local thermal assisted ultrasonic emboss-
ing. In all three technologies, the polymer substrates were
not heated above Tg of the polymer, the ultrasonic vibration
provided all or most of the heat for embossing.

In ultrasonic embossing at room temperature, the Si
mould was fixed on the hot plate. The hot plate was at room
temperature without heating, thus all heat for embossing
was generated by ultrasonic vibration. The experiment pro-
cedures for ultrasonic embossing at room temperature are
shown in Fig. 3a.

(a) The polymer substrate was placed on the Si mould.

(b) The horn was pulled down to contact with the substrate,
and the force and ultrasonic vibration were applied.
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substrate belowyg

(c) The ultrasonic vibration stopped, a holding force lasted
for a period of time.

(d) The horn was lifted upward and the substrate was
released from the mould.

In thermal assisted ultrasonic embossing, the mould
was fixed on the hot plate and heated below Tg of the
polymer. The mould reached a heat steady state before the
whole cycle. The procedures for thermal assisted ultrasonic
embossing are as follows:

(a) A polymer substrate was placed on the heated mould
and preheated through heat transmission. The preheat-
ing time was 5 min.
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Fig. 4 a The distribution of the
test points on a replicated chip
and b a SEM photograph of the
replicated microstructures

(b) The horn was pulled down to contact with the sub-
strate, and the ultrasonic force and ultrasonic vibration
were applied.

(c) The ultrasonic vibration stopped, a holding force lasted
for a period of time.

(d) The horn was lifted upward and the substrate was
released from the mould.

In our new technique, the silicon mould was heated
before the whole process and the preheating temperature was
between HDT and Tg of the polymer. Theoretically, preheat-
ing is unnecessary. But a Si mould was used in this paper, so
10 s was spent on preheating the PMMA substrate to provide
a soft polymer layer for protecting the silicon mould. On the
other hand, the interface can reach thermal equilibrium in
several seconds, and applying ultrasonic vibration after the
thermal equilibrium state can promote the process repeat-
ability (details in Sect. 4.3). The procedures for local thermal
assisted ultrasonic embossing are shown below.

(a) A polymer substrate was set on the heated mould.

(b) Ten seconds later, the horn went down to contact with
the substrate, and a force was applied on the substrate at
the same time. When the force reached the pre-set trig-
ger force, ultrasonic vibration began. Subsequently, the
force continued to increase until it reached the pre-set
ultrasonic force. The ultrasonic vibration and the ultra-
sonic force lasted a period of time to soften the polymer.

(c) The ultrasonic vibration stopped, the force increased
again and lasted for several seconds.

(d) The horn was lifted upward and the substrate was
released from the mould by hand.

3.2 Evaluation methodology of the replication results

The replication rate and the uniformity are important for
replication technologies for polymer microcomponents.
The same mould was used in all of our experiments, so the
average replication depth D,, was used instead of the rep-
lication rate. The standard deviation o was selected as an

evaluation indicator of the uniformity. D,, and o were deter-
mined according to

D, = =2 (1)
n
L 2
o2 = Z[D’—D’"] 2)

n

where D; is the measured depth of the embossed micro-
structure and n is the number of measurement locations for
each chip. As shown as in Fig. 4, the replication depths of
the nine locations on each moulded chip were measured
using a surface profiler (ET 1000, Kosaka).

3.3 Experimental design

Figure 5 shows the variations in the ultrasonic amplitude
and the force with time during L-TUE. According to Fig. 5,
the embossing process can be divided into three stages: the
trigger stage, the ultrasonic-vibration stage and the hold-
ing stage. The trigger stage was so short in our experiments
that the effect of this stage on the microstructure replica-
tion could be ignored. The trigger force was set to a con-
stant value for all embossing experiments. The effects of

Force A A Ultrasonic
amplitude
holding | _  _ _ ___________
force
ultrasonic |
force
Trigger |_ Ultrasonic stage Holding stage
force B g
Time

Fig. 5 Amplitude and force versus time for local thermal assisted
ultrasonic embossing
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the various parameters during the ultrasonic-vibration stage
and the holding stage were examined.

The effects of the processing parameters on microstruc-
ture replication were investigated by Taguchi method for the
ultrasonic-vibration stage. Four processing parameters dur-
ing ultrasonic-vibration stage (hereafter referred to as ultra-
sonic parameters) were considered: ultrasonic amplitude,
ultrasonic time, ultrasonic force and hot plate temperature.
Four levels were selected for each factor. Thus, an L4 (44)
orthogonal array was adopted. In addition, a holding force
of 600 N and a holding time of 30 s were chosen. Table 2
shows the replication results of the orthogonal experiments.

For the holding stage, the effects of the processing param-
eters on microstructure replication were studied by single-
factor experiments. The processing parameters during the
holding stage (hereafter referred to as holding parameters)
included holding force, holding time and hot plate tempera-
ture. However, the temperature was unchanged in the entire
process and the effect of hot plate temperature was assessed
in the ultrasonic-vibration stage, because of its significant
influence on the quantity of the softened polymer, so it was
not taken into account here. The same ultrasonic parameters
were set to generate the same quantity of softened polymer
here. Ultrasonic amplitude was 15 pwm, ultrasonic time was
8 s, ultrasonic force was 300 N, and hot plate temperature
was 95 °C. The experiment results are as shown in Table 3.

3.4 Temperature test experiment

To study the temperature characteristic of our new tech-
nology, a temperature test was carried out at two different
locations at the mould-substrate interface. Figure 6 shows a
schematic of the temperature test system. Two thermocou-
ples were embossed on the surface of a polymer substrate.
One thermocouple was fixed at the centre of the interface (A)
and the other at a corner (B). Rapid response thermocouples
(Chal-0005, Omega Company, USA) with response times
less than 10 ps were used. The signals generated by the ther-
mocouples were amplified by an amplifier (AD524, Analog
Devices Inc., USA) with a magnifying ratio of 1000. The
signals were then sampled by a multi-channel data acquisi-
tion board (NI DAQ Pad-6015, National Instruments, USA)
with a sample rate of 50 kHz. A LabVIEW program was
written to sample and process the signals on a computer.

4 Results and discussion

4.1 The replication quality for three different embossing
technologies

Table 4 shows the replication results of the three different
embossing technologies. Although ultrasonic embossing

at room temperature had a larger ultrasonic amplitude
or a longer ultrasonic time, the replication accuracy of
it was the worst. The replication depths of A group were
less than other test points. That is, the temperature of the
mould can significantly improve the replication accuracy,
especially in the edge of the micro pattern. The replica-
tion accuracy of local thermal assisted ultrasonic emboss-
ing was very close to thermal assisted ultrasonic emboss-
ing, either the mean replication depth or the standard
deviation.

4.2 Effects of the processing parameters on replication
quality for L-THE

4.2.1 Effects of ultrasonic parameters

To identify the relative significance of the various ultra-
sonic parameters on the replication quality, analyses of
variance (ANOVA) for D,, and o were conducted. Figure 7
shows the relationships between the significant ultrasonic
parameters and the average replication depths. Figure 8
shows the significant relationship between the ultrasonic
force and the standard deviation.

The results of the ANOVA for D,, indicate that the rela-
tive significance levels of the processing parameters on D,,
are, in decreasing order of ultrasonic amplitude, hot plate
temperature, ultrasonic time and ultrasonic force. Among
all four factors, both of ultrasonic amplitude and hot plate
temperature were the most significant factors, with ultra-
sonic time close behind, ultrasonic force was an ignorable
factor. The quantity of viscoelastic heat was proportional
to the square of the ultrasonic amplitude, so increasing
ultrasonic amplitude can obviously increase the replication
depth. Contrary to our expectations, the replication depth
did not increase with the increasing hot plate temperature.
The best replication was achieved when the hot plate tem-
perature was 105 °C. Besides, increasing ultrasonic time
benefited heat accumulation, improving the replication
depth accordingly.

L-TUE has a high uniformity over the entire chip. The
smallest standard deviation was less than 0.2 pwm in our
experiments. Through ANOVA tests, it is obvious that only
ultrasonic time has a significant effect on the uniformity.
Increasing ultrasonic time can improve the uniformity, but
the uniformity barely varies with ultrasonic time longer
than 15 s.

4.2.2 Effects of holding parameters
Figure 9 shows that the trends for the average replica-
tion depths varied with holding time and holding force.

Increasing holding time improved the average replication
depth significantly when the holding force was 600 N. The

@ Springer



1108 Microsyst Technol (2015) 21:1101-1110

Table 3 The replication .results No. Holding Holding The replication depths of microstructures (jum)
of the single-factor experiments force (N) time (s)
A, B, A, C; D C, A; B, A,

1 60 0 124 116 O 1.79 2.07 1.67 092 193 1.04
2 60 10 9.09 912 9.16 922 926 9.13 9.15 929 9.29
3 60 20 926 932 936 931 934 938 923 934 936
4 60 30 926 939 934 944 939 937 937 939 938
5 200 20 466 7.09 924 934 934 934 942 936 820
6 300 20 631 874 827 929 936 945 929 941 938
7 400 20 9.19 939 938 934 939 947 931 941 940
8 500 20 928 930 933 942 940 941 935 938 9.18

Fig. 6 Schematic of the tem-
perature test system

/ D _I_
il IRV @ i
= \t ; if -

Table 4 The replication results of three different embossing technologies

The replication depths of microstructures (j1m) D,, (pm) o (um)

A, B, A, C, D C A, B, A,

HER (A = 15 um, F, =400 N, t, = 20 s, F, = 600 N,t;, = 30 s) 7.85 9.43 9.18 9.40 9.43 9.48 9.37 9.44 7.92 9.056 1.893

L-THE(T=95°C,A=15um,F, =400N,t,=8s,F, =600N, 9.38 93 938 945 936 9.37 947 94 928 9377 0.174
t, =305s)

L-THE(T=95°C,A=9 um,F,=400N,t,=20s,F, =600N, 9.38 9.37 9.38 9.44 941 945 9.37 9.46 945 9412 0.107
t,=305)

THE (T=95°C,A=9 um, F, =400 N, t, =205, F, = 600 N, 9.37 9.44 9.40 9.46 9.39 9.44 9.43 943 937 9414 0.093
t,=305)

10 1 1 1 1 1 1 1 0 5 1 1 1 1
®

9 ) L
g 0.4 |
= / -
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£ ’ o
= / S 0.3
S / 5
a. / -
2 / S 0.2+
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b5 17}
= 2 L ] [ ] L
) &= o014
ﬁ 5 —l— Ultrasonic amplitude - :

—®— Ultrasonic time
—A— Hot plate temperture
4 T T T T T T T T T T T T T T 0.0 T T T T T d T
6 78 9.6 114 10 15 20 25 95 100 105 110 10 15 20 25
Ultrasonic amplitude /um Ultrasonic time /s Hot plate temperature /'C Ultrasonic time /s

Fig.7 Average replication depth versus each significant ultrasonic ~ Fig- 8 Standard deviation versus ultrasonic time
factor
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—l— Holding time
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The average replication depth /um
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Holding time /s Holding force /N

Fig. 9 Average replication depth versus each holding factor

1.50 H

—— Holding time
—@&— Holding force
1.25 4 -

1.00 L

The standard deviation /um

0.75 L
0.50 - L
025 - L
0.00 ‘ —r

0 10 20 30 200 300 400 500

Hloding time /s Holding force /N

Fig. 10 Standard deviation versus each holding factor

average replication depth increased with increasing hold-
ing time. The replication depth was about 1.2 pm without
a holding time, which indicated that microstructures were
barely replicated during the ultrasonic stage. The possible
reasons are: the soft polymer was too viscous for timely
filling the space between the mould and the polymer sub-
strate, and/or the microstructures subsided because of their
surface tension. The average replication depth increased
with increasing holding force, but the trend was smoother
than with holding time. The standard deviation decreased
with either holding time or holding force, as shown in
Fig. 10. This result indicates that the uniformity over the
chip can be improved by increasing holding time and/
or holding force. Holding force has a relatively more sig-
nificant effect on the uniformity than holding time in our
experiments.

120 4

3
S
1

Temperature /°C
2
1

—&— The center
—&— The corner

30

0 T T T T T T T T T y
0 10 20 30 40 50 60
Time /s

Fig. 11 Temperature—time curves at two different locations during
embossing

4.3 Temperature—time curves during embossing

Figure 11 shows the temperature—time curves at two differ-
ent locations of the embossing PMMA substrate. The hot
plate temperature was 105 ‘C (the mould temperature was
about 100 OC), the ultrasonic time was 15 s, the ultrasonic
amplitude was 9 wm and the ultrasonic force was 450 N.

In the preheating stage, the temperature at the inter-
face centre rose faster than at the corner, but both of the
two temperatures varied little after 7 s. The temperature
characteristic of the substrate surface depends on the heat
input and dissipation. The heat transmission coefficient
at the mould-substrate interface was higher than in the
inner portions of the substrate in the start of the preheat-
ing stage. Thus, the heat input on the substrate surface was
more than its heat dissipation, causing the surface tempera-
ture dramatically increasing at the initial preheating stage.
However, the heat transmission quantity of the interface
decreased when the temperature difference between the
mould and the substrate decreased. Subsequently, the inter-
face reached a thermal balance, and the interface tempera-
ture no longer varied with time. In our experiments, there
is a time interval between holding the substrate and apply-
ing ultrasonic vibration. This interval differs from experi-
ment to experiment. To improve the process repeatability,
ensuring the same temperature distribution for each poly-
mer substrate before embossing is necessary. Therefore, we
started to apply ultrasonic vibration after the thermal bal-
ance was reached.

In the ultrasonic-vibration stage, the corner temperature
increased from 60 to 137 °C in 15 s. Meanwhile, the centre
temperature increased from 77 to 129 °C. At the beginning
of the ultrasonic-vibration stage, there was a large temper-
ature difference between the mould and the substrate. So,
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although the initial temperature increase was the combined
action of ultrasonic vibration and heat transmission, but
the heat transmission was still dominant. During the whole
stage, the corner temperature increased more dramatically
than the centre, even though the corner had greater heat
dissipation. This result indicates that the corner has a high
heat production rate, which may be caused by higher pres-
sure or larger relative displacement at the interface.

The temperature difference between the corner and the
centre became smaller during the holding stage, although
there was an obvious difference when the ultrasonic vibra-
tion stopped. The temperature of the interface decreased
to approximately 105 and 100 °C after holding time of
20 and 30 s, respectively. This explains why the replica-
tion quality barely improved with holding time longer than
20s.

5 Conclusions

Local thermal assisted ultrasonic embossing was devel-
oped in this paper. The technique can replicate micro-
structures on thermoplastic substrates with high replica-
tion quality and high throughput. The replication quality
of the new technology is very approximate with thermal
assisted ultrasonic embossing. The effects of the pro-
cessing parameters on the replication quality were stud-
ied. Ultrasonic amplitude, ultrasonic time and hot plate
temperature were significant factors that determined the
replication depth, but only ultrasonic time had a signifi-
cant effect on the uniformity. Increasing holding time or
holding force improved the replication quality. Holding
time had a more important effect on the replication depth
than holding force, but holding force had a more signifi-
cant effect on the uniformity. Through the temperature
test experiment, the temperature—time curves at two dif-
ferent locations of the embossing PMMA substrate were
obtained. We can deduce that the temperature character-
istic during the embossing process is location-related and
varies from one stage to another.
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