
TECHNICAL PAPER

Direct patterning of micro-features on a polymer substrate
using ultrasonic vibration

Young-Soo Seo • Keun Park

Received: 23 November 2011 / Accepted: 27 April 2012 / Published online: 12 May 2012

� Springer-Verlag 2012

Abstract Micro-molding of thermoplastic polymer is a

popular fabrication method for micro-devices. Most micro-

molding techniques use heated molds to plasticize the

thermoplastic polymer, which requires an increased cycle

time and additional heating/cooling equipment. In this

study, a novel micro-molding process using ultrasonic

vibration energy is developed to locally melt the polymer

surface by converting the ultrasonic vibration energy into

thermal energy, from which the micro-patterns engraved on

a sonotrode tip can be rapidly replicated on a polymer

substrate. In order to replicate the micro-patterns with high

accuracy, the sonotrode should be designed to allow lon-

gitudinal vibration only, not transverse or twisting vibra-

tions. In this paper, the sonotrode design was investigated

through finite element analyses, from which the resulting

natural frequency of the sonotrode can be adjusted to be

within the desirable range. Experimental investigations of

the ultrasonic patterning were then performed using the

sonotrode with the micro-patterns. The effects of various

processing parameters on the replication characteristics are

also discussed and analyzed statistically in order to find the

optimal processing conditions.

1 Introduction

In recent years, the demand for components with micro-

features has driven the development of advanced tech-

niques for micro-fabrication of polymer products including

micro-fluidic devices, micro-actuators, and optical com-

ponents. For example, the increasing requirements to

improve the quality of optical products have forced the

minimum feature size of the optical components to be

reduced to micrometer and nanometer scales (Kang 2004).

The micro-molding of thermoplastic polymers is one of the

most popular fabrication methods for micro/nano devices

because several thousand parts can be produced after a

mold insert has been fabricated.

Various molding techniques have been developed to

enable the micro-molding of thermoplastic polymers.

Among these techniques, hot embossing and micro-injec-

tion molding are ranked as the most feasible manufacturing

processes (Heckel and Schomburg 2004). The hot

embossing process uses a pre-heated mold to imprint

micro-patterns on a thermoplastic polymer substrate (Chou

and Krauss 1997). Because the micro-structured tool must

be heated above the softening temperature of the polymer,

this process requires long cycle times to ensure proper

cooling and demolding; in general, it requires more than

10 min (Becker and Heim 2000). Recently, rapid mold

heating techniques have been used in the hot embossing

process; however, these techniques require significant

modifications of the embossing tools (Kimerling et al.

2006).

Injection molding is one of the most popular methods in

polymer processing due to its high productivity and flexi-

bility, and it has recently been applied to the fabrication of

micro-features (Giboz et al. 2007). However, micro-injec-

tion molding has difficulty filling the mold due to the

frozen layer generated near the mold surface. In order to

overcome this difficulty, the mold surfaces should be

heated to the softening temperature of the polymer. How-

ever, this mold heating increases the cycle time because it

must provide sufficient cooling time for appropriate
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demolding. Thus, in order to rapidly heat the mold surfaces

without a significant increase in the cycle time, various

heating techniques have been developed such as infrared

radiation heating (Chang and Hwang 2006), high frequency

proximity heating (Yao et al. 2006), and high frequency

induction heating (Park and Lee 2010). Although these

mold heating techniques are very efficient in the rapid

heating of the mold surfaces, they still require additional

heating time. Furthermore, these heating techniques require

additional heating equipment, which increases the pro-

duction costs as well as energy consumption.

Recently, ultrasonic waves have been used in the micro-

fabrication of thermoplastic polymers in an attempt to

provide a more energy efficient solution. Micro-scale

ultrasonic welding has been developed for the fabrication

of micro-fluidic components (Truckenmüller et al. 2006).

In injection molding, the ultrasonic vibration energy was

used to improve the microstructures in the weldline regions

(Lu et al. 2006) and to plasticize a small amount of poly-

mer for the micro-injection molding (Michaeli et al. 2011).

Ultrasonic energy has also been used in hot embossing as

an auxiliary heating source for the embossing molds (Liu

and Dung 2005; Mekaru et al. 2007). The ultrasonic

embossing processes have been further developed to rep-

licate micro-patterns using ultrasonic energy without

additional mold heating equipment (Mekaru and Takahashi

2008; Altman et al. 2012). These studies indirectly applied

ultrasonic energies in order to sufficiently raise the mold

temperature and required additional micro-patterned

molds.

In this study, ultrasonic vibration energy is directly

applied in order to fabricate micro-features on polymer

substrates, not only to raise the mold temperature but to

also imprint the micro-patterns on the polymer substrates.

For this purpose, the ultrasonic sonotrode was designed to

contain the micro-features on its tip, so that its vibration

characteristics directly affect the moldability of the micro-

patterns. Finite element (FE) analyses were then performed

to investigate the vibration characteristics of the sonotrode.

Experimental research with statistical analyses was also

conducted in order to investigate the effects of the pro-

cessing parameters on the replication characteristics of the

micro-patterns.

2 Configuration of the ultrasonic patterning apparatus

The proposed ultrasonic patterning process aims to locally

melt the surface of a polymer substrate, from which the

micro-patterns engraved on the sonotrode tip can be

directly replicated. The micro-scale vibration of the sono-

trode causes repetitive friction between the sonotrode and

the thermoplastic polymer. Thus, as a result of friction, the

surface region of the polymer substrate is heated repeatedly

and is sufficiently softened to be embossed by the pressure

of the sonotrode. Figure 1 illustrates the schematic con-

figuration of the ultrasonic patterning apparatus for direct

pattern replication. This apparatus consists of a power

supply, an ultrasonic stack, and a pressing unit.

As an ultrasonic generator, the power supply delivers a

high power AC signal with a frequency of 28 kHz. The

ultrasonic stack is composed of a piezoelectric transducer,

a booster, and a sonotrode. These three components are

tuned to resonate at a specified ultrasonic frequency, from

which the sonotrode will resonate under the given ultra-

sonic excitation. The pressing unit consists of a mechanical

press, a mold embedded with a load cell, and a control unit

in which various processing parameters can be controlled

including the vibration time, embossing depth, and

embossing load. This ultrasonic patterning apparatus

operates using the following steps: (i) a polymer substrate

is installed in the mold, (ii) the sonotrode presses the

substrate with ultrasonic excitation, and (iii) the sonotrode

recedes and the micro-patterned substrate is ejected.

3 Design and analysis of the ultrasonic sonotrode

3.1 Design of the stepped sonotrode

In this section, the design of a sonotrode is investigated in

order to obtain the desired range of resonance frequency. A

sonotrode is one of the most important parts of the pro-

posed ultrasonic patterning apparatus because it amplifies

Fig. 1 Configuration of the direct patterning apparatus using ultra-

sonic vibration
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the ultrasonic vibration energy from the transducer and

transfers the amplified energy to the polymer substrate on

which the micro-patterns are replicated. In order to ensure

the high energy transmission capability as well as the

replication characteristics of the micro-patterns, the vibra-

tion characteristics of the sonotrode should be analyzed and

optimized.

A sonotrode is usually designed to have an outlet section

that is smaller than the inlet section in order to amplify the

amount of vibration at its outlet. The most common designs

for sonotrode shapes are conical, exponential, and stepped

shapes. In this study, the stepped sonotrode was selected

due to its high amplification characteristics and manufac-

turability. Figure 2 shows the shape of the stepped sono-

trode with its dimensional parameters.

An important design parameter is the sonotrode length

(l) that must be adjusted to be as close as possible to the

resonance length. The resonance length of a stepped so-

notrode is calculated using the following equation (Seah

et al. 1993):

l ¼ 1

2f

ffiffiffiffi

E

q

s

; ð1Þ

where f is the frequency of the ultrasonic wave, and E and q
are the elastic modulus and density of the sonotrode mate-

rial, respectively. In this study, AL7075-T651 was used as

the sonotrode material, and its elastic modulus and density

were 71.7 GPa and 2,810 kg/m3, respectively. The fre-

quency of the ultrasonic wave was 28 kHz, and the resulting

length of the sonotrode was determined using Eq. (1).

Assuming that the sonotrode is rotationally symmetric,

its dynamic equilibrium equation is given as in Eq. (2)

using the one-dimensional wave equation (Amin et al.

1995):

qAðxÞ o
2uðx; tÞ
ot2

¼ E
o

ot
AðxÞ ouðx; tÞ

ot

� �

; ð2Þ

where u(x,t) is the amount of vibration in the axial direction

and A(x) is the cross-sectional area at the axial position (x).

Then, l1 and l2 can be determined by solving the differ-

ential equation.

The magnitude of amplification (b) for the stepped so-

notrode is defined by the ratio of the cross sectional areas,

as expressed in Eq. (3). By solving Eqs. (1), (2), and (3),

the design parameters for the sonotrode were initially

determined as listed in Table 1.

b ¼ Ainput

Aoutput
¼ D1

D2

� �2

: ð3Þ

3.2 FE analyses of the sonotrode with micro-patterns

In Sect. 3.1, the basic design parameters of the sonotrode

were determined using analytic calculations. These calcu-

lations are based on the assumption that the sonotrode is

rotationally symmetric while the sonotrode used in this

study includes rotationally asymmetric characteristics such

as the micro-patterns on the sonotrode outlet and planar

faces in the sonotrode shank. In this study, FE modal

analyses were performed to further investigate the vibra-

tion characteristics of the sonotrode in a three-dimensional

manner.

Figure 3 shows the three-dimensional shape of the so-

notrode. In order to remove the effect of element orienta-

tion, a uniform mesh structure was constructed using

83,520 hexahedral elements. The frequency range was set

between 20 and 35 kHz considering that the excitation

frequency was 28 kHz. ANSYSTM was used to perform the

FE modal analyses.

Figures 4a through 4d show the basic mode shapes of

the sonotrode in the given frequency range. The detailed

mode descriptions and the resulting natural frequencies are

summarized in Table 2. It can be seen that the first two

Fig. 2 The shape and dimensional parameters of the stepped

sonotrode

Table 1 Specification of the sonotrode with the micro-patterns

Specifications Value (mm)

Total length (l) 92.5

Shank length (l1) 45.1

Input diameter (D1) 28.0

Output diameter (D2) 13.0

Corner radius (r) 14.0

Amplification magnitude (b) 4.64

Fig. 3 Three-dimensional model of the sonotrode with micro-

patterns

Microsyst Technol (2012) 18:2053–2061 2055

123



modes correspond to the vertical and horizontal transverse

vibration modes. These transverse vibration modes are not

appropriate in the proposed ultrasonic patterning system

because they weaken the dimensional accuracy of the

micro-patterns. The fourth mode is a twisting vibration

mode that is also not appropriate. On the contrary, the third

mode corresponds to the longitudinal vibration mode,

which is the most desirable mode in the proposed system.

The natural frequency was 28.608 kHz in this mode,

showing a range that is available to resonate with the

excitation frequency of the ultrasonic wave.

Figure 5 plots the relative magnitude of the sonotrode

vibration in the longitudinal vibration mode. The relative

magnitude (c) was defined by taking the relative value of

the deformation at an arbitrary position (x) to the defor-

mation at the inlet, u(0):

cðxÞ ¼ uðxÞ
uð0Þ

�

�

�

�

�

�

�

�

: ð4Þ

The relative magnitude at the output section of the

sonotrode (c(l)) was calculated to be 4.22. This value

indicates the amount of amplification of the sonotrode

because it was normalized with respect to u(0); that is, the

deformation of the input section. Comparing this value

with the theoretical estimation of the magnification

amplification (4.64), it can be seen that a small amount

of deviation (9.1 %) exists due to the three-dimensional

features of the sonotrode.

4 Application of ultrasonic energy to micro-pattern

replication

4.1 Fabrication of a sonotrode containing micro-

patterns

A stepped sonotrode was fabricated reflecting the final

design parameters discussed in Sect. 3.2. The natural fre-

quency of the manufactured sonotrode was measured to be

28.663 kHz, which shows a similar value to that of the

simulation result. Then, micro-patterns with rectangular

shapes were fabricated on the sonotrode tip. Three-axis

micro-machining equipment was used to manufacture the

micro-patterns. The sonotrode material was AL7075-T6,

and fourteen micro-patterns were fabricated on the sono-

trode tip. Figure 6 shows a sectional photograph of the

micro-patterns with a pitch (P), width (D), and depth (H) of

250, 100, and 33.7 lm, respectively.

Fig. 4 Vibration mode shapes for the designed sonotrode: a mode 1,

b mode 2, c mode 3, and d mode 4

Table 2 Results of the FE modal analyses of the sonotrode

Mode Description Natural frequency (kHz)

1 Transverse (vertical) 23.520

2 Transverse (horizontal) 23.666

3 Longitudinal 28.608

4 Twisting 32.643

Fig. 5 Relative magnitude of the sonotrode vibration

Fig. 6 Micro-patterns on the tip of the sonotrode
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4.2 Micro-pattern replication on a polymer substrate

An experiment for ultrasonic patterning was performed

using the patterned sonotrode. The workpiece was a poly-

methylmethacrylate (PMMA) substrate with a thickness of

500 lm. Three processing parameters, the embossing depth

(h), embossing load (f) and vibration time (t), were dis-

cussed in terms of the pattern replication characteristics. In

order to quantify the embossing depth as a relative mea-

sure, the embossing ratio (g) was defined by dividing the

embossing depth (h) by the substrate thickness (500 lm).

The ultrasonic patterning experiment was performed

using an ultrasonic excitation of 28 kHz. The embossing

depth was set to 300 lm, which corresponds to the

embossing ratio of 0.6. The embossing load and vibration

time were set to 4.0 kgf and 2.5 s, respectively. Figure 7

plots the temperature change on the bottom of the substrate

during the embossing process. It can be seen that the

maximum temperature of 225.4 �C was obtained after

heating for 2.5 s. Considering that the glass transition

temperature (Tg) of PMMA is 105 �C, the polymer soft-

ening started at 0.81 s and ended at 3.75 s, which corre-

sponds to a softening period of 2.94 s.

Figure 8a is a photograph of the patterned substrate,

which demonstrates that the micro-patterns were success-

fully replicated under the given embossing conditions. In

order to investigate the replication characteristics quanti-

tatively, the height of each micro-pattern was measured

using a surface profiling apparatus (Rugosurf�90). Fig-

ure 8b plots the replicated pattern heights of the fourteen

micro-patterns. The mean value of the heights is 27.05 lm,

which corresponds to 80.3 % of the replication ratio in

height.

4.3 Effects of the processing parameters

In this section, the effects of the processing parameters on

the pattern replication characteristics are discussed. Three

processing parameters, the embossing ratio, embossing

load and vibration time, are investigated as separately.

4.3.1 Effects of the embossing ratio

At first, the ultrasonic patterning experiments were per-

formed with an embossing ratio of 0.4–0.8. The embossing

load and the vibration time were set at 4.0 kgf and 2.5 s,

respectively. Figures 9a through 9c show the measured

surface profiles of the micro-patterns for the embossing

ratio of 0.4, 0.6, and 0.8. It is demonstrated that the heights

of the replicated micro-patterns increased with an increase

in the embossing ratio. The detailed results are summarized

in Table 3, in which the replication ratio was defined by

calculating the relative value of the pattern height to the

tool depth. It can be seen that the replication ratio increased

to 94.8 % when the embossing ratio was 0.8; that is, 80 %

of the original substrate thickness.

4.3.2 Effects of the embossing load

Additional experiments were performed with variations in

the embossing load, from 3.0 to 5.0 kgf. In these experi-

ments, the embossing ratio was constant at 0.6. Figures 10a

through 10c show the measured surface profiles of the
Fig. 7 Temperature change of the substrate during the ultrasonic

patterning process
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Fig. 8 Results of the micro-pattern replication: a sectional image of

the patterned substrate and b comparison of replicated pattern heights
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micro-patterns for the embossing loads of 3.0, 4.0, and 5.0

kgf. It can be seen that the increase of the embossing load

also improves the replication characteristics of the micro-

features. The detailed results are summarized in Table 4,

demonstrating that the replication ratio improved to 93.4 %

when the embossing load was 5.0 kgf.

4.3.3 Effects of the vibration time

Further experiments were performed with variations in

the vibration time from 1.5 s to 3.5 s. The embossing

load and ratio were maintained at 4.0 kgf and 0.6,

Fig. 9 Measured surface profiles of the replicated patterns (unit: lm)

with variations in the embossing ratio: a 0.4, b 0.6, and c 0.8

Table 3 Comparison of the pattern heights with variations in the

embossing ratio

Embossing

ratio

Pattern height (lm) Replication

ratio (%)
Mean value Standard deviation

0.4 7.67 4.94 22.8

0.6 27.05 5.33 80.3

0.8 31.96 2.18 94.8

Fig. 10 Measured surface profiles of the replicated patterns (unit:

lm) with variations in the embossing load: a 3 kgf, b 4 kgf, and c 5

kgf

Table 4 Comparison of the pattern heights with variations in the

embossing load

Embossing

load (kgf)

Pattern height (lm) Replication

ratio (%)
Mean value Standard deviation

3.0 6.45 5.55 19.1

4.0 27.05 5.33 80.3

5.0 31.46 1.89 93.4
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respectively. Figures 11a–c show the measured surface

profiles of the micro-patterns for the vibration time of

1.5, 2.5, and 3.5 s. The detailed results are summarized

in Table 5, demonstrating that the replication ratio varies

from 73.1 to 90.1 % as the vibration time increases.

Although the increase of the vibration time also

improves the replication characteristics, its rate of

improvement is less sensitive than those of the previous

parameters.

4.4 Design of experiments and statistical analysis

Although the effects of the three processing parameters

were investigated in the previous section, their effects were

discussed as separately to the experiment design. In this

section, the design of experiment (DOE) was applied to

systematically investigate the effects of the three parame-

ters considering their mutual interactions. The first

screening DOE was performed for the three parameters

with two levels as listed in Table 6. Based on the results of

the previous section, the level for each parameter was

chosen to have a range where the mean value of the rep-

lication ratio exceeded 80 %.

A full factorial DOE with two levels (eight experi-

ments) was conducted with six repetitions for each

process condition. Figure 12a presents the main effect

plots for the replication ratio. It can be seen that the

embossing ratio and load exhibit a positive effect on the

replication characteristics. In contrast, the vibration time

does not demonstrate a significant effect, showing a

slightly negative effect. Figure 12b represents the inter-

action plot between each design parameter. It can be

seen that the embossing ratio and load show a strong

interaction while the vibration time does not have a

significant interaction with the other design parameters.

Thus, the vibration time could be removed in the next

DOE by fixing it as 2.5 s in order to obtain a more

uniform replication.

The second DOE was scheduled using the central

composite design (CCD) table in order to apply the

response surface method (RSM). Thirteen experiments

were scheduled based on the orthogonal array of the two

remaining design factors (g and f) as listed in Table 7. The

Fig. 11 Measured surface profiles of the replicated patterns (unit:

lm) with variations in the vibration time: a 1.5 s, b 2.5 s, and c 3.5 s

Table 5 Comparison of the pattern heights with variations in the

vibration time

Vibration

time (s)

Pattern height (lm) Replication

ratio (%)
Mean value Standard deviation

1.5 24.62 7.05 73.1

2.5 27.05 5.33 80.3

3.5 31.46 4.83 90.1

Table 6 Orthogonal array and the relevant responses of the first DOE

No. Embossing

ratio, g
Embossing

load, f (kgf)

Vibration

time, k (s)

Replication

ratio, k (%)

1 0.6 4.0 2.5 80.30

2 0.6 4.0 3.5 90.07

3 0.6 5.0 2.5 93.40

4 0.6 5.0 3.5 90.06

5 0.8 4.0 2.5 94.80

6 0.8 4.0 3.5 90.93

7 0.8 5.0 2.5 94.78

8 0.8 5.0 3.5 91.18
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experiments were conducted based on this schedule with

six repetitions, and the resulting responses are also listed in

Table 7.

Through the statistical analysis, the quadratic regression

model for the response surface of the replication ratio (k)

was obtained as in Eq. (5):

k ¼ �217:59þ 738:03gþ 3:5277f � 262:50g2

� 65:60gf þ 5:380f 2;
ð5Þ

where g and f are the embossing ratio and load, respec-

tively. The optimal processing parameters can then be

found based on this regression model. The maximum

embossing ratio was restrained to 0.8 in order to avoid the

case that the remaining thickness becomes too small,

i.e. \100 lm.

The optimal embossing load to maximize the repli-

cation ratio was then obtained as 6.08 kgf. Further

experiments were conducted under this optimized

condition, and the resulting replication ratio was

improved to 95.4 %. Figure 13 plots the resulting pat-

tern heights of fourteen micro-patterns, demonstrating

that the replication characteristics are remark-

ably improved for all patterns when compared with

Fig. 8b.
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Fig. 12 DOE results for the

replication ratio: a the main

effect plot and b the interaction

plot

Table 7 Orthogonal array and the relevant responses of the second

DOE

No. Embossing

ratio, g
Embossing

load, f (kgf)

Replication

ratio, k (%)

1 0.8 5.0 94.78

2 0.8 4.0 94.80

3 0.6 4.0 80.30

4 0.7 3.792 83.85

5 0.7 4.5 88.61

6 0.7 4.5 90.30

7 0.841 4.5 95.50

8 0.7 4.5 89.52

9 0.7 4.5 87.11

10 0.6 5.0 93.40

11 0.7 4.5 87.36

12 0.7 5.207 91.65

13 0.558 4.5 64.12
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5 Conclusion

In this study, a micro-patterning process on a plastic sub-

strate using ultrasonic energy was proposed. This ultra-

sonic patterning process aims to locally melt the surface of

a polymer substrate, from which the micro-patterns

engraved on the sonotrode tip can be directly replicated. FE

modal analyses were performed in order to investigate the

vibration characteristics of the sonotrode. Through the FE

analyses, the design parameters of the sonotrode were

determined in order to obtain the resonance conditions for

the longitudinal vibration under an excitation frequency of

28 kHz. A number of micro-patterns were fabricated on the

sonotrode tip that was used to replicate the micro-patterns

on the polymer substrate. Experiments were then per-

formed with variations of the embossing ratio, embossing

load, and vibration time. Statistical analyses were per-

formed combining the two-step DOE and RSM to find the

optimal processing conditions, from which 95.4 % repli-

cation ratio was obtained.

Considering the proposed process requires less than 5 s

per cycle, it is expected that the process will be able to

replace the conventional injection molding and hot

embossing processes. Based on these results, future

research is expected to implement this process in the

manufacturing of high quality micro/nano components.
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