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Abstract
Ultrasonic thermoforming of micro structures is similar as usual thermoforming, but the heat required for softening of the

polymer is at least partly generated by ultrasonic vibrations. Cycle times as short as a few seconds are achieved by

ultrasonic thermoforming and not much more than a commercially available ultrasonic welding machine is required for the

process. This paper describes the process window of this fabrication process for polypropylene foils, 200 lm in thickness,

as a function of preheating of the tool. Best results have been obtained at room temperature. Since the process is a function

of temperature, it is concluded that production should be performed with a tool preheated to 45 �C to avoid an influence by

a changing room temperature. The overall size of the samples is limited by the size of the available sonotrodes. The

experiments described in this paper were performed on an area of 2 9 2 cm2, but larger sonotrodes with an area of, e.g.,

8 9 12 cm2 could also be employed. The size of the process window is a function of both the properties of the polymer and

the inclination angle of the side walls of the structures on the tools.

1 Introduction

Thermoforming is a process well known and applied in

industry for the forming of thermoplastic polymer layers,

approximately thinner than 2 mm (Illig 2008; Throne and

Beine 1999). Typically, this process is employed to fabri-

cate the packaging of sweets or tablets. A foil or thin plate

from a thermoplastic polymer is softened by heating and

pressed by a hot gas onto the surface of a mold. Then the

polymer is cooled down and solidifies again in the shape of

the mold surface.

Since 1999 several working groups have been showing

to which extend thermoforming can also be applied for

generating micro structures on polymer layers (Dreuth and

Heiden 1999; Truckenmüller et al. 2002, 2008, 2011;

Gieselbrecht et al. 2006; Focke et al. 2009, 2010; Schmidt

et al. 2011; Heilig et al. 2011; Nagarajan and Yao 2011;

Jungmeier 2015). The cycle times of these processes are on

the order of some minutes because the entire tool needs to

be heated up to the softening temperature of the thermo-

plastic foil and cooled down again below that temperature.

Heating up of the tool is required because the polymer flow

shall not be stopped before it arrives in the micro cavities.

If micro structures shall be generated on a substrate,

besides injection molding and injection compression

molding, hot embossing is a process often employed. A

layer of thermoplastic polymer is placed onto a so-called

mold insert showing micro structures on its surface. The

polymer is heated up together with the mold insert and a

tool in which it is mounted and the polymer softened that

way is pressed onto the mold insert adapting to the micro

structures on its surface. Then, the tool is cooled down, and

after it got hard again, a polymer part with the desired

micro structures on its surface is demolded from the mold

insert. The cycle time of hot embossing micro structures is

on the order of minutes because the entire tool needs to be

thermally cycled.

It has been shown that the cycle time of hot embossing

micro structures from thermoplastic polymers can be

shortened to some seconds if the polymer is heated by

ultrasonic vibrations instead of heating up the entire tool

(Sackmann et al. 2015; Lee and Park 2016; Šakalys et al.

2016; Mekaru and Yano 2016; Zhu et al. 2017; Liu et al.

2018). Obviously, the polymer is held longer at an elevated

temperature even when it gets into contact to a cold tool.

Nevertheless, preheating of the tool to an elevated tem-

perature during ultrasonic hot embossing results in better

mold filling and the cycle time is not prolonged signifi-

cantly (Sackmann et al. 2015).
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Recently, it was shown that ultrasonic thermoforming of

micro structures is also possible and the cycle time is also

as short as some seconds (Sackmann et al. 2015; Bae et al.

2015, 2017; Lee et al. 2017; Cui et al. 2015). To investigate

the process limits, the investigation of the process window

of ultrasonic thermoforming of polypropylene (PP) foils is

described in this paper.

2 Fabrication process

For ultrasonic thermoforming, a foil from a thermoplastic

polymer is placed between an upper and a lower tool

(Fig. 1a), both with micro structures on their surfaces

facing the foil. The micro structures on the upper tool are

mirrored to those on the lower tool.

The sonotrode of an ultrasonic welding machine is

pressing the upper tool down onto the foil, and ultrasonic

vibrations start when a pre-set pressing force, the so-called

trigger force, is reached. The polymer foil is heated up by

the friction generated by the ultrasonic vibrations and

adapted to the shape of lower and upper tool (cf. Fig. 1b).

The vibrations are stopped after a few seconds and the

pressure is retained for some more seconds, the so-called

cooling time, to allow for heat dissipation into the tools.

After the polymer got cold enough and hardened again, the

foil is removed from the tools in its new shape (Fig. 1c).

3 Tools

In this study, the tools were fabricated by milling into

aluminum plates, 2.5 mm in thickness. One of the tools

could also be made of a softer material such as silicone or

even be replaced by a polymer without micro structures

which cannot be welded to the foil (Sackmann et al. 2015),

but for the work described in this paper, both tools had

been milled into aluminum plates. The objective of this

paper was to explore the process windows of ultrasonic

thermoforming. Therefore, the shape of the micro struc-

tures to be thermoformed was varied on the tool. Nine

prism-shaped structures were evenly placed on a square

with 20 mm edge length (cf. Fig. 2).

On the lower tool, lengths and widths of the structures

are 2 mm at the top and 2.2 mm at the bottom, all struc-

tures have a height of 2 mm. The edges of the prism

structures S1 through S9 in Fig. 2b were rounded with

varying radii from 0.15 mm to 0.95 mm with increments of

0.1 mm. The walls of the micro structures have an incli-

nation angle of approximately 5.7� facilitating demolding

the thermoformed foils from the tools. The aluminum tools

used in the experiments were milled by the high precision

milling machine M7 HP from Datron AG, Germany

employing milling tools from hard metal, 500 lm in

diameter.

The gap between the upper and lower tool is a function

of the thickness d of the foil. As shown in Fig. 3, the initial

length Li of the foil is stretched to the length of the side

wall of the structure on the tool. As a consequence, the

average thickness da of the foil after thermoforming is da-
= d sin(a). An inclination angle of a = 5.7� in the tool

corresponds to an average wall thickness da = 10% of the

initial foil thickness d. As shown in Figs. 7 and 9, the

stretching of the foil can be inhomogeneous resulting in an

even thinner minimum wall thickness.

Fig. 1 Ultrasonic thermoforming
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4 Experiments

Ultrasonic thermoforming was performed on a commercial

ultrasonic welding machine (2000IW ? , Branson Ultra-

sonics, USA) equipped with a sonotrode, 40 and 60 mm in

width and length, respectively. A heating plate equipped

with an electrical heater and a sensor inside was mounted

onto the anvil of the machine and its temperature was

controlled by a temperature controller. The ultrasonic

welding machine with heating plate, the lower tool and a

roll of polymer foil are shown in Fig. 4.

The lower tool was clamped onto the heater with the

upper tool positioned on its top. This way, lower and upper

tool were well aligned to each other. Then, glue was

applied onto the upper tool’s surface facing the sonotrode

and the sonotrode was slowly moved down and pressed

onto the upper tool. Thus, the upper tool was glued well

aligned onto the sonotrode.

A foil from polypropylene (PP), 200 lm in thickness,

was placed on the lower tool (Fig. 1a) and the experiments

were started. Trigger force and peak-to-peak amplitude of

the ultrasonic vibrations were kept constant for all exper-

iments at 324 N and 16 lm, respectively. The cooling time

was kept constant at 4 s for all experiments ensuring

complete hardening of the polymer foil before demolding.

To investigate the process window, the pressing force

was varied between 460 and 2760 N in increments of

230 N and the ultrasonic time between 0.1 and 6.0 s in

increments of 0.1 s. Besides this, the process windows

were determined at the following lower tool temperatures:

25, 35, 45, 55 and 65 �C. After every thermoforming, the

temperature measured inside the tool was raised by about

10 �C because the ultrasonic vibrations had generated

friction heat. The next part of the foil was placed onto the

lower tool and the following experiment was not started

before the tool was cooling down to the desired tempera-

ture again. As a consequence, the polymer foil was also

heated up to the tool temperature before the experiment

started.

The thermoformed structures were considered good

when all nine structures were not broken and no opaque or

colored areas appeared (Fig. 5a), incomplete when the total

height of at least one of the structures was less than 2 mm

(Fig. 5b), damaged when a decomposition of the polymer

was recognized somewhere by opaque parts (Fig. 5c), and

broken when one or more holes or cracks were observed on

the structures (Fig. 5d).

The structure heights of tools and samples were mea-

sured with the optical microscope Eclipse LV 100 from

Nikon, Japan. The surface of the upper part of the struc-

tures was focused first and the vertical position of the

microscope stage was measured. Then, the lower surface of

the sample was focused and the difference in the vertical

position of the stage was noted as the height of the micro

structure. The position of the focus can be determined with

an accuracy of approximately 4 lm.

A photo of a micro structure fabricated by simply

pressing the foil between the tools without ultrasound and

at room temperature with 1380 N for 2 s is shown in

Fig. 6. Although the foil was completely stretched between

the tools, the micro structures were formed incompletely

because of the viscoelastic properties of PP.

A cross-section of the thermoformed foil was observed

by placing the edge of the foil over the center of the

structures on the lower tool before the process. This way,

after the process, the thickness of the generated structure

was observed with the confocal digital microscope VHX-

500FE-M-E from Keyence, Japan. An example of a micro-

Fig. 2 3D model of the upper (a) and lower tool (b); and photos of the
same (c)

Fig. 3 Cross-section of a foil after thermoforming
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scope photo of two PP foils welded together during ther-

moforming is shown in Fig. 7.

The nine structure heights of the micro structures on the

tools and on three samples were measured and are shown in

Fig. 8. These samples were thermoformed with a pressing

force of 1380 N and an ultrasonic time of 1.7 s. The

Fig. 4 Experimental setup

Fig. 5 Thermoformed structures rated good (a), incomplete (b), damaged (c), and broken (d)

Fig. 6 Micro structure generated by pressing the PP foil at room

temperature without ultrasonic vibrations

Fig. 7 Photo of the cross-section of two PP foils thermoformed

together by placing their edges over the center of the structures on the

lower tool
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average height of the nine structures on lower tool, upper

tool, internal and external side of the samples are 2002 lm,

2020 lm, 1942 lm and 1945 lm, respectively. The dif-

ferences between the heights of the nine structures on the

tools are merely several micrometers and some ten

micrometers on the samples. The average heights of the

micro structures on the samples are approximately 96.5%

of the heights on the tools indicating that there was

shrinkage of a few percent.

The wall thickness of the nine structures on the samples

is reducing where the tools showed a radius of curvature

and got constant where the walls are not curved (cf. Fig. 7).

The thicknesses were measured at these regions and they

are shown in Fig. 9. These samples were thermoformed by

placing their edges over the center of the structures on the

lower tool and thermoformed with a pressing force of

1380 N and an ultrasonic time of 1.7 s. Both sides of each

structure were measured from five different samples. The

overall average thickness of all measured structures is

16.5 lm, which is close to the aforementioned theoretical

calculation (20 lm). The average wall thickness of the nine

structures and its standard deviation increase with the radii

of curvature in the range of 0.15–0.55 mm. All larger radii

of curvature correspond to wall thicknesses of approxi-

mately 15 lm.

The pressing force and duration of ultrasonic vibrations

were varied to find out the limits between incomplete,

good, damaged and broken thermoforming at different tool

temperatures as shown in Fig. 10. The signs marking errors

in the figure mean that the ultrasonic welding machine

reported an error caused by an overload of the generator.

The larger the pressing force is and the longer the

duration of vibrations, the more heat energy is generated in

the samples. That is why the minimum time required for a

complete thermoforming is increasing when the pressing

force is decreasing. It also explains why the duration of

vibrations at which the sample is damaged or broken in

general is longer when the pressing force is smaller.

At elevated temperatures the limit at which the foil is

damaged or broken is reached at shorter times than at room

temperature. This may be attributed to the fact that less

heat needs to be produced by ultrasonic vibrations if the

polymer is already partly heated towards its softening

temperature. PP is stable up to a temperature of approxi-

mately 110 �C.

5 Conclusions

It is possible to significantly reduce the process time of

thermoforming by heating the polymer foil by the vibra-

tions generated by an ultrasonic welding machine. The

accuracy with which the duration of the ultrasonic vibra-

tions of an ultrasonic welding machine can be turned on

and off is well below 10 ms. Therefore, it is not important

to find parameters where the process window is very wide.

According to the experiments described here and for PP

foils, 200 lm in thickness, heating the tool is not neces-

sary. However, since thermoforming is influenced by

temperature, the process may become more independent of

the room temperature if the tool temperature is held at a

constant temperature of, e.g., 45 �C.
To achieve a short cycle time, the pressing force can be

tuned to approximately 1 kN and the duration of the

vibrations to 300 ms. This way, not more than enough heat

is generated and the tool is not heated up too much by the

vibrations. As a consequence, the cooling time can also be

reduced. A comparatively long cooling time of 4 s was

chosen for the experiments to ensure complete hardening

of the samples before demolding. It is expected that the

cooling time can be reduced significantly for real appli-

cations. Since not much more than the polymer foil is

thermally cycled, besides a shorter cycle time, also the

energy required for the process is significantly reduced

compared to thermoforming without ultrasound.

The radii of curvature on the micro structures were

varied between 0.15 and 0.95 mm and no difference in the

achievable structure height, damaging or breaking was

Fig. 8 Structure heights on tools and samples

Fig. 9 Wall thickness of structures on samples
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Fig. 10 Process window of ultrasonic thermoforming at different tool temperatures
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observed. However, the thickness of the polymer foil is a

function of the curvature and the inclination angle of the

walls of the micro structures on the tools. The smallest

possible inclination angle is a function of the properties of

the polymer, and the size of the process window is a

function of both the properties of the polymer and the

inclination angle. Obviously, the inclination angle needs to

be larger than 0�, because the polymer foil would be

sheared off and punched out at this inclination angle.

The overall dimensions of the samples are limited by the

size of the available sonotrodes. The experiments described

in this paper were performed on an area of 2 9 2 cm2, but

larger sonotrodes with an area of, e.g., 8 9 12 cm2 could

also be employed.

Other thermoplastic polymers than PP will show dif-

ferent process windows but similar trends are expected, and

therefore, this paper may help finding suitable parameters

for ultrasonic thermoforming of other polymers.
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