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Ultrasonic imprinting is a patterning technology in which ultrasonic vibration energy is used to soften the surface of thermoplastic

polymer to allow the formation of micropatterns. Compared with other patterning technologies, ultrasonic imprinting has the

advantages of short cycle time and low energy consumption. This study deals with the selective ultrasonic imprinting process, which

provides higher flexibility in developing versatile micropatterns. Selective ultrasonic imprinting uses a profiled mask film by which

ultrasonic waves are transferred from an ultrasonic horn to a target polymer film. The target polymer film is locally softened in the

regions in contact with the mask film, so that micropatterns can be selectively replicated in these regions. In this study, this localized

heating mechanism is numerically investigated through structural-thermal-coupled finite element analysis, by effectively connecting

transient structural and heat transfer analyses. This coupled simulation was performed to investigate the localized heating mechanism

of the selective imprinting using an E-shaped mask, and then compared with experimental findings. Micropattern replication was then

performed using an arbitrarily shaped logo, with which differentiation of optical transparency could be obtained.
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1. Introduction

In recent years, ultrasonic waves have been used to facilitate

plasticization of thermoplastic polymer by converting ultrasonic

vibration energy into thermal energy.1 Thus, the ultrasonic vibration

energy can act as an auxiliary heat source in various polymer

processing technologies. Owing to the rapid and localized heating

capability of ultrasonic energy, it has been utilized in micromolding of

thermoplastic polymers using processes such as hot embossing2-4 and

injection molding.5,6

The use of ultrasonic energy as an auxiliary heat source has changed

into the development of ultrasonic imprinting, which uses ultrasonic

energy as its main energy source by inducing microscale ultrasonic

vibration on the polymer surface.7,8 In this way, ultrasonic vibration

energy is used to soften polymer surfaces locally so that micropatterns

can be replicated on thermoplastic polymer. Owing to its low energy

consumption and short cycle time, ultrasonic imprinting provides higher

efficiency in developing micropatterns on thin polymer films, as compared

with the conventional hot embossing or injection molding processes.

Recently, the ultrasonic imprinting process was further developed to

include replication of micropatterns on areas of arbitrary shapes; a

process called selective ultrasonic imprinting.9 In this advanced

imprinting process, a mask film of a particular shape is used to transfer

ultrasonic waves from an ultrasonic horn to a target film. Thus,

micropatterns could be selectively replicated in the specified regions in

contact with the mask film. In previous work of the authors, effects of

imprinting conditions were investigated experimentally in terms of

micropattern replication quality, not only of the masked area, but also

of the unmasked area.9,10

In this study, the localized heating mechanism of selective ultrasonic

imprinting was numerically investigated through structural-thermal-

coupled finite element (FE) analysis. Considering that the ultrasonic

imprinting process can be divided into two steps (vibration and heating),11

structural and thermal FE analyses were modeled and performed for

each stage. This coupled simulation was performed for the selective

imprinting process using an E-shaped mask, and was compared with

the relevant experimental findings in terms of the effect of imprinting

conditions on the localized heating capability. The selective imprinting

process was then adapted to use a mask with an arbitrarily shaped logo,

from which micropatterns were successfully replicated on the target

region of the polymer. The replicated micropatterns thereby allowed

the differentiation of optical transparency.
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2. Overview of Selective Ultrasonic Imprinting

For ultrasonic imprinting, ultrasonic vibration energy is used to

generate localized deformation of a polymer surface, and to induce

frictional heat between an ultrasonic horn and a thermoplastic polymer

film. A micropatterned mold is placed below the polymer film. The

ultrasonic vibration is transferred from the horn to the mold through the

polymer film. The surface region of the target film is then softened by

the repetitive deformation energy and frictional heat so that the mold

micropatterns can be replicated on the polymer surface.

On the other hand, in the selective imprinting, a mask film with an

arbitrary profile is used. Fig. 1 shows a configuration of the selective

imprinting process in which ultrasonic waves can be selectively

transferred through the mask film by placing the mask film between the

horn and target polymer film.9 The target film is then locally softened

in the regions in contact with the mask film, so that micropatterns are

selectively replicated in these regions. Therefore, this approach provides

versatility to create a variety of micropatterns using a single micropatterned

mold, by fabricating and inserting the corresponding mask films.

3. Numerical Simulation for the Selective UIL Process

3.1 Simulation overview

The ultrasonic imprinting process can be divided into two steps:

vibration and heating. To simulate the vibration step, a structural FE

analysis was conducted to calculate the deformation fields inside the

polymer film, caused by the propagated ultrasonic wave. To simulate

the heating step, a thermal FE analysis was conducted to predict the

temperature rise inside the polymer film, by imposing the ultrasonic

deformation energy as a heat source.

Fig. 2 shows an analysis domain and the related simplified models

for the selective imprinting process. A negative E-shaped mask film

was designed with a size of 22×22×0.4 mm3, as illustrated in Fig. 2(a).

This analysis domain was simplified by using a two-dimensional

sectional model containing the mask and target films. Fig. 2(b) and 2(c)

show the intermediate simplified model and the final simplified

domain, respectively. The mask material was AA-1050, and the target

film was polyethylene terephthalate (PET). The material properties and

thicknesses of both films are summarized in Table 1. A micropatterned

mold was located below the target film on which a number of micro-

prism patterns were engraved (400 mm pitch and 170 mm height). An

ultrasonic horn was located above the mask film, and its vibration

effect was imposed as a form of external force. ANSYS™ was used in

the structural-thermal coupled FE analysis, and the detailed simulation

results are described in the following sections.

3.2 Simulation for the vibration step

In the vibration step, ultrasonic excitation induces a polymer film to

repetitive deformation. This deformation fields (u) can be obtained by

solving Eq. (1), a discretized FE motion equation:

(1)

where M, C, and K are mass, damping and stiffness matrices,

respectively. Transient structural analysis is then conducted by applying

the ultrasonic excitation force as a half-sinusoidal form, expressed in

Eq. (2):11

(2)

where F0 is the amplitude of the excitation force, f is the excitation

frequency, T is the time period, and n is the number of cycles.

The amplitude (F0) and frequency (f) for the ultrasonic excitation

were determined (25.9 N and 20 kHz, respectively) from experimental

observations. This compressive force was applied on the top surfaces

of the mask film in the structural FE analysis, as shown in Fig. 3(a).

DOF constraints were given for the regions in contact with the

micropatterned mold, and these DOF constraints are indicated by red

dots in Fig. 3(a).

Fig. 3(b) illustrates the change of the equivalent strain distributions

during a loading cycle (T/16~T/2), showing that the strain concentrations

occurred in the bottom regions in contact with the micropatterned

mold, only in the masked area. This indicates that ultrasonic waves were
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Fig. 1 Schematic description of the selective imprinting process9

Fig. 2 FE analysis domain for the selective UIL with an E-shaped

mask: (a) the original domain, (b) the intermediate simplified model,

and (c) the final simplified domain with a side view

Table 1 Material properties of AA-1050 and PET films

Material properties AA-1050 PET

Elastic modulus (GPa) 69 1.68

Poisson’s ratio 0.33 0.4

Density (kg/m3) 2705 1330

Thermal conductivity (W/m-K) 227 0.15

Specific heat (J/kg-K) 900 1200

Thickness (mm) 0.4 0.3



INTERNATIONAL JOURNAL OF PRECISION ENGINEERING AND MANUFACTURING  Vol. 16, No. 9 AUGUST 2015 / 2001

being transferred to the target polymer film through the mask film;

therefore, only masked regions were affected by the ultrasonic excitation.

Fig. 4 shows the effective strain profile on the bottom surface at T/

4. It can be seen that strain peaks were observed at contact points in the

masked regions while no remarkable change was observed in the

unmasked regions. These strain peaks in the masked regions were

higher than 0.013, which is 10 times larger than that in the unmasked

regions. This localized strain concentration is expected to induce

localized heating, which will be discussed in the next section.

3.3 Simulation for the heating step

In the heating step, the local strain concentration in the masked

regions induces heat generation due to repetitive deformation. This heat

generation rate (Q) can be calculated from Eq. (3):12

(3)

where ε0, E and δ are the strain amplitude, elastic modulus, and loss

angle of the polymer material, respectively.

Therefore, the locally deformed regions act as separate heat sources

in the heating step. Transient heat-transfer analysis was then conducted

by applying this heat generation, as expressed in Eq. (4):

(4)

where k(T) and C(T) are the thermal conductivity and specific heat of

each material, which were regarded as functions of temperature in the

case of PET film.13

Fig 5(a) shows thermal boundary conditions for the heat transfer

analysis. The heat generation rate was calculated using Eq. (3) from the

structural analysis results. The loss angle (δ) of the PET film was set

to 0.559, which was measured from a rotational rheometer analysis.

The thermal contact conductance between the mask and target films

was set to 400 W/m2·K. To consider heat conduction from the PET film

to the micropatterned mold, the mold was also included in the heat

transfer analysis although it was not displayed in Fig. 5(a). The mold

material was stainless steel (SS-303), and its thermal conductivity,

density, and specific heat were 16.2 W/m·K, 8000 kg/m3, and 500 J/

kg·K, respectively. The heat convection coefficient was set to 5.0 W/

m2-K for all free surfaces, including the top surfaces of the mask film

and the free surfaces of the target film, that is, all outer surfaces except

for the contacted regions with the mask film or micropatterned mold.

Fig. 5(b) shows the change of temperature distributions during 1.0 s

vibration time with an increment of 0.1 s. Considering that the glass

transition temperature (Tg) of the PET film was 76°C, the temperature
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Fig. 3 Structural FE analysis for the vibration step: (a) boundary

conditions, and (b) change of the effective strain distributions

Fig. 4 Profile of the effective strain on the bottom surface at T/4

Fig. 5 Thermal FE analysis for the heating step: (a) boundary

conditions, and (b) change of the temperature distribution (unit: °C)
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contour was adjusted to indicate the regions with temperature higher than

Tg as red. It is noted that the local heating began at the contact points

on the bottom surface, and then transferred upward into the masked

regions. At 1.0 s vibration time, temperatures in all the masked regions

reached the target temperature (Tg) uniformly, while the unmasked

regions did not show a remarkable temperature increase. This indicates

that the masked region could be locally heated by the localized

deformation owing to the process of selective ultrasonic imprinting.

3.4 Experimental verification

To verify the reliability of the proposed simulation, ultrasonic

imprinting experiments were performed using the E-shaped mask film.

All imprinting conditions were set to be the same as the simulation

conditions: 0.4 MPa imprinting pressure and 1.0 s vibration time.

Thermocouples were installed for temperature measurement in the

masked region (marked ‘A’ in Fig. 6) and the unmasked regions (marked

‘B’ in Fig. 6). The measured temperature profiles are plotted in Fig. 7,

and are compared with those from simulation. It can be seen that both

simulation and experimental results were similar in overall trends that

the masked region (A) showed a remarkable temperature increase unlike

the unmasked region (B). The peak temperatures at both locations after

1.0 s vibration are compared in Table 2. Considering that the temperature

deviations between the results in simulation and experiment were

around 7oC, it could be concluded that the proposed coupled simulation

provided a reliable estimation of localized temperature rise in the

selective ultrasonic imprinting process.

4. Selective Ultrasonic Imprinting Using Negative Masks

4.1 Micropattern replication on an E-shaped region

Based on the simulation results in Section 3, selective imprinting

was performed to replicate micropatterns using the E-shaped mask. The

mask was fabricated with the dimensions given in Fig. 2, and the

resulting mask area was 300 mm2. Imprinting experiments were

conducted at room temperature, and imprinting conditions were set to

be the same as given in the previous section. A prism-patterned mold

was fabricated and used in the imprinting experiments, of which height

and pitch were 170 mm and 400 mm, respectively.

Fig. 8(a) shows a photograph of the patterned film placed on a

background sheet with printed letters. It can be seen that the masked

region showed lower transparency than the unmasked region, and that

the background letters were not clearly seen in the masked region. This

result indicates that micropatterns were selectively replicated in the

masked region so that transparency was degenerated due to the

developed micropatterns in this region. Figs. 8(b) and 8(c) illustrate an

optical microscope image and scanning electron microscope (SEM)

image for the boundary region, showing that micropatterns were well

developed only in the masked region.

To investigate the effect of imprinting conditions on the replication

quality, selective imprinting experiments were performed with a

variation in vibration time: 0.5, 0.75, 1.0, and 1.5 s. Figs. 9(a) through

9(c) show photographs of the developed micropatterns in various regions

(regions C, D, and E in Fig. 8(a)), with an increment of vibration time.

Fig. 9(a) compares developed micropatterns in the masked region (region

C), which shows that the micropatterns were not fully developed when

the vibration time was less than 1.0 s. This result shows good

accordance with the results in Fig. 5, that the temperature in the masked

region increased to reach higher than Tg after 1.0 s vibration time.

Similar trends, that 1.0 s vibration time ensured enough micropattern

replications, were observed in the boundary regions (regions D and E).

However, an excessive vibration time (1.5 s) resulted in micropattern

replication even in the unmasked regions, as marked in Figs. 9(b) and

Fig. 6 Temperature measurement locations during imprinting

Fig. 7 Comparison of temperature variations of the masked and

unmasked regions

Table 2 Comparison of temperatures at locations A and B (unit: oC)

Location Simulation Experiment Error

A 131.0 137.9 6.9

B 42.4 35.1 -7.3

Fig. 8 Photographs of the replicated micropatterns: (a) replicated film,

(b) optical microscope image, and (c) SEM image
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9(c). This undesired pattern replication was caused by the temperature

rise in the unmasked regions when the ultrasonic energy was applied

much longer than necessary.

4.2 Micropattern replication on an arbitrary-shaped logo

The proposed selective imprinting process was further applied to

micropattern replication on an arbitrary shape. Fig. 10(a) shows a mask

film with the SeoulTech logo. The mask was fabricated from an AA-

1050 sheet with a thickness of 0.4 mm. The outer diameter of the mask

was 32 mm, and the corresponding mask area was 605.3 mm2. Because

this area is twice as large as that of the previous mask, the vibration

time was set in a higher range, from 3.0 s to 5.0 s. The imprinting

pressure and mold temperature and were set to 0.6 MPa and 70ºC,

respectively. Ultrasonic imprinting experiments were then performed

using PET films with the size of 40×40×0.3 mm3.

Fig. 10(b) shows the PET film subjected to 4.0 s vibration time. The

film transparency degenerated in the masked region, due to light

scattering from the developed micropatterns. To compare the

transparency quantitatively, imprinting experiments were performed

with a vibration in vibration time: 3.0, 4.0 and 5.0 s. Fig. 10(c) compares

the measured optical transmittance profiles across the section F-F’. It

was observed that the masked region showed relatively high

transmittance (more than 25%) at 3.0 s vibration time, which indicates

that the micropatterns were not developed enough to reduce optical

transmittance. In contrast, for the cases of 4.0 and 5.0 s vibration times,

low transmittance values (less than 10%) were measured in the masked

region. However, when the vibration time was 5.0 s, the transmittance

values were also reduced near mask boundaries even in the unmasked

regions. This transmittance reduction is due to flash generation near the

mask boundary when excessive imprinting conditions were applied.

Fig. 11 shows measured surface profiles of micropatterns at various

locations at 4.0 s vibration time. It is observed that micropatterns were

successfully replicated only in the masked region without excessive

imprinting in the unmasked regions. Considering that the replication

quality shows apparent differences across the mask boundaries, it can

be concluded that the selective ultrasonic imprinting could replicate

micropattern on arbitrary shapes when appropriate imprinting conditions

were applied.

To investigate the change in chemical composition of the imprinted

film, the surface composition of the imprinted films were analyzed using

Fourier transform infrared (FT-IR) spectroscopy. FT-IR analyses were

performed using a VERTEX 70v (BRUKER, Germany). The resulting

Fig. 9 Comparison of micropattern replications in various regions with

an increase in vibration time

Fig. 10 Selective imprinting using an arbitrarily-shaped mask: (a) mask

film with a negative logo profile, (b) replicated polymer film, and (c)

transmittance comparison of the replicated films for various vibration

time (F-F’ section)

Fig. 11 Surface profiles of the replicated micropatterns at various

locations on the logo (vibration time: 4.0 s)



2004 / AUGUST 2015 INTERNATIONAL JOURNAL OF PRECISION ENGINEERING AND MANUFACTURING  Vol. 16, No. 9

spectra for the masked and unmasked regions of the imprinted film

were analyzed and compared with that of pure PET film. Fig. 12 shows

the FT-IR spectra for the three types of samples. While the imprinted

sample from the unmasked region shows almost the same trend as the

pure PET sample, the sample from the masked region shows much lower

peaks than the other two samples. This can be explained by light scattering

from the replicated micropatterns. However, it can be concluded that a

change in composition did not occur even in the masked region because

the peak locations remained the same as those from the other two cases.

5. Conclusions

In the present study, the selective ultrasonic imprinting process was

analyzed by investigating its heating mechanism in selective micropattern

replication. To investigate the heating mechanism of the selective

imprinting process, a coupled numerical analysis was conducted by

connecting structural wave-propagation analysis and transient heat-

transfer analysis. The simulation results showed that repetitive

deformation and the related heat generation occurred locally in the

masked regions. This localized heating enabled to raise the polymer

temperature to higher than Tg within a short period (just 1.0 second in

the case of the E-shaped mask).  The validity of the proposed simulation

was verified by experimental comparison, which showed a small amount

of deviation in their maximum temperature predictions (around 7oC).

Micropatterns were then selectively replicated using an E-shaped

negative mask. Ultrasonic imprinting was performed with a range of

increasing vibration times, from which a moderate imprinting condition

was determined not only to improve the replication characteristics in

the masked region, but also to prevent excessive replication in the

unmasked region. The selective imprinting process was then applied to

micropattern replication of an arbitrarily shaped logo, from which

optical characteristics of the replica could be differentiated in a single

film. Based on these results, the proposed selective imprinting process

has the versatility to allow fabrication of a variety of functional surfaces

containing micropatterns, in regions with arbitrary shapes.
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