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Abstract
Micro and nano structures and systems are generated in polymer surfaces with cycle times of a few seconds by ultrasonic

processes such as ultrasonic hot embossing, welding and thermoforming paving the way for a variety of new products.

However, measuring temperature and pressure during these processes is very difficult because the polymer is enclosed

between an anvil and a sonotrode. Temperature and pressure distribution during ultrasonic processing now have been

measured inside of a stack of thermoplastic polymer layers by sensor foils from polyvinylidene fluoride, 55 lm in

thickness. The measurements are based on the piezoelectric and pyroelectric effect of polyvinylidene fluoride allowing to

achieve resolutions in temperature and pressure of up to ± 1 �C and ± 0.5 kPa, respectively. The achieved resolutions in

time and in normal and lateral direction are approximately 1 ls, 60 lm and 1 cm, respectively. The maximum temperature

inside a foils stack that could be measured was 73 �C because the sensor foils lost sensitivity when heated up more. Every

single oscillation of the polymer was measured as a pressure change. The difference in temperature change and ultrasonic

pressure amplitude measured in lateral direction below a sonotrode with outer dimensions of 8 9 12 cm are approximately

12 �C and 4 kPa, 25 and 60%, respectively, indicating the width required for process windows of ultrasonic processing.

Moreover, phase shifts are measurable and thus analysis of oscillation characteristics of sonotrodes were investigated.

1 Introduction

Ultrasonic welding, riveting and punching for decades are

well-known industrial processes with widespread applica-

tions (Daniels 1965; Shoh 1976; Potente 2004). In recent

years, other ultrasonic fabrication processes such as ultra-

sonic hot embossing and thermoforming have been devel-

oped as well enabling the fabrication of micro and nano

structures and systems with cycle times of a few seconds

(Sackmann et al. 2015; Bae et al. 2017; Liu and Dung

2005; Seo and Park 2012; Tseng and Lin 2012; Šakalys

et al. 2016; Lin and Chen 2006; Yu et al. 2009; Qi et al.

2013; Mayer et al. 2012; Mekaru et al. 2007; Khuntontong

et al. 2008; Mekaru and Yano 2017; Lee et al. 2010; Alt-

mann et al. 2012; Planellas et al. 2014; Liao et al. 2015).

All these processes are based on friction heat generated by

ultrasonic vibrations in thermoplastic polymers.

Obviously, it is of great interest how temperature and

pressure evolve during ultrasonic processes and how their

distribution is over volume and time inside of a work piece.

Investigations have been performed to measure overall and

local temperature and pressure during ultrasonic processes

(Sun et al. 2011, 2016; Zhang et al. 2010) but it is hard

measuring a distribution especially with high time resolu-

tion. Sensors need to show small heat capacity and

dimensions because they shall not influence the measure-

ment result. This is especially a problem when not only the

overall temperature and pressure but the distribution of

these parameters shall be determined. In case of ultrasonic

welding, optical measurements of previous research

showed that polymer welding parts move with the working

frequency and its harmonics of ultrasonic welding machi-

nes (Habenicht and Ritter 1989). Recently, polyvinylidene

fluoride (PVDF) foils have been employed to measure the

temperature distribution during ultrasonic hot embossing

(Kosloh et al. 2017). In this paper, this method is extended

to measure both the temperature and the pressure
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distribution with high time resolution. The method was

employed to determine the width of the process window

required for ultrasonic processes.

2 Experimental

In this contribution a measurement setup for ultrasonic

processes was developed. In the following first ultrasonic

processes and its key parameters are described. As shown

secondly, a measurement curve recorded with PVDF sen-

sor foils of an ultrasonic process is influenced by both—

heat and pressure due to its piezo- and pyroelectric prop-

erties. Therefore both effects were calibrated.

2.1 Ultrasonic processing

In ultrasonic processing, layers from thermoplastic poly-

mers are placed between the sonotrode of an ultrasonic

welding machine and an anvil. For ultrasonic welding

(Fig. 1a–c), at least on the surface of one of two polymer

parts, there are protruding structures called energy directors

facing the other part (Fig. 1a). For ultrasonic hot emboss-

ing (Fig. 1d–f), protruding micro structures are on the

sonotrode or a tool between anvil and polymer. The ther-

moplastics to be molded can be applied as foils or as a

single plate (Fig. 1d). If a stack of polymer foils is used,

friction heat is generated not only between tool and poly-

mer but also in between the foils (Sackmann et al. 2015).

For ultrasonic thermoforming (Fig. 1g–i), on the side of the

polymer opposite to the tool, there is fixed some flexible

material possibly also with a micro structure inverse to the

one on the tool in order to pattern the single polymer foil

(Fig. 1g). Instead of such a flexible material, it is possible

to apply a stack of polymer foils from a polymer which

cannot be welded together with the foil to be thermoformed

(Sackmann et al. 2015).

The sonotrode is pressed down onto the polymer and

ultrasonic vibrations are transmitted by it into the polymer.

Friction heat generated by the vibrations melts the polymer

which is adapting to the surrounding geometry (Fig. 1b, e,

h). After switching off the ultrasound, the polymer is

solidifying again and the product of the process is taken out

of the equipment (Fig. 1c, f, i). The common advantage of

all these processes is that only a small amount of polymer

is molten, and therefore, the cycle time is in the order of

seconds (Sackmann et al. 2015). In Fig. 2 an ultrasonically

structured PC-foil (a) and an ultrasonically hot embossed

PEEK-microchannel are shown.

Since the vibration amplitude of the sonotrode is not

homogeneous over its surface, the process window of the

ultrasonic processes needs to be large enough to work

everywhere on a larger work piece. Otherwise, a part of the

polymer may be not yet molten while at another position it

Fig. 1 Schematic drawing of

ultrasonic processes: a–c
welding, d–f hot embossing,

and g–i thermoforming
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is already decomposed due to overheating or the molten

polymer has already flown to a position where it is not

desired. That is why temperature and pressure distribution

are interesting to be known.

Parameters of ultrasonic processes of the following

experiments are shown in Table 1 below.

2.2 Measurement setup and calibration

The polymer polyvinylidene fluoride (PVDF) can be made

piezoelectric during fabrication. Besides other shapes, it is

commercially available as thin foils covered with elec-

trodes on both sides. If a PVDF foil is compressed by a

force, electrical charges are generated on the electrodes and

a voltage proportional to the applied force can be measured

(Shirinov and Schomburg 2008; Schomburg 2015). This is

the so-called piezoelectric d33-effect. Thus, PVDF foils can

be employed as force or pressure sensors. If a PVDF foil is

stretched in longitudinal direction, there is also a piezo-

electric effect, the so-called d31-effect (Schomburg 2015),

but the sign of the measured voltage is opposite to the d33-

effect. Whether the measured voltage is positive or nega-

tive is also a function of the polarization of the foil and the

electronics employed for measurement. Important for the

following is only that the sign of the measured voltage is

opposite for d31- and d33-effect. Besides the piezoelectric

effect, PVDF is also pyroelectric (Shirinov and Schomburg

2008; Schomburg 2015). That means that a temperature

change also results in charges generated on the electrodes.

A rising temperature results in a voltage with a sign

opposite to the one generated by compressing the foil

perpendicular to its surface.

For the measurements, a buffer amplifier circuit was

used (Shirinov and Schomburg 2008), see Fig. 3. For the

output signal recording, three DAQ-boxes (type: NI Elvis

II ?) from National Instruments were used. For a high

sampling rate and in order to reduce ghosting, each box

was connected to a single PVDF-sensor. Thus, measure-

ments with three sensors could be done simultaneous. The

starting time of the measurements with all three boxes was

synchronously. This was achieved by a common clock

signal for all boxes, the same trigger signal, and the max-

imum sample rate of 1 MS/s (106 samples/s) was set for

each box. Thus, it was possible to even calculate phase

shifts from the measured data. In this publication, the

measured data were processed and evaluated (e.g. filter

Fig. 2 a Ultrasonically thermoformed 125 lm thick PC-foil (struc-

tured at both sides with micro pyramids), b a thin (less than 500 lm)

cut through an ultrasonically hot embossed microchannel from semi

crystalline PEEK (transparent areas became amorphous due to the

ultrasonic treatment)

Table 1 Parameters and

machine settings of ultrasonic

fabrication processes

Process number 1 2 3 4

Ultrasonic welding machinea 1 3 3 2

Working frequency (kHz) 35 20 20 35

Sonotrode dimensions (mm2) 40 9 60 80 9 120 80 9 120 40 9 60

Trigger force (factor 9 Fw) * 1 * 0.9 * 0.9 * 0.8

Force during vibrations, Fw (N) 100 Varied 800 Varied

Amplitude of vibration (lm) 7.7 30.6 30.6 16.3

Duration of vibrations (s) 50 Varied 200 1000

Cooling time (s) 1500 Varied 4000 1000

Capacity C0 (nC) 47 47 47 –

Voltage divider: yes/no No Yes Yes –

aWelding machines: (1) Dynamic 745 from Rinco Ultrasonics, Switzerland, (2) HiQ DIALOG 1200 from

Herrmann Ultrasonics, Germany, (3) HiQ DIALOG 6200 from Herrmann Ultrasonics, Germany

Microsystem Technologies (2018) 24:3729–3740 3731

123



design, peak detection, Fourier analysis) with the program

Matlab from the MathWorks Inc.

In Fig. 4, a foils stack with an integrated PVDF sensor

foil is shown. Such an arrangement of foils is conceivable

for different ultrasonic processes.

In Fig. 5 there is shown the voltage signal recorded

during ultrasonic processing of a stack with a PC foil and a

plate as shown in Fig. 4 with the parameters shown in

Table 1 as process 1. When the sonotrode touches the

polymer stack (decreasing voltage in Fig. 5), on the one

hand pressure is built up, and on the other hand the tem-

perature may change (increasing voltage in Fig. 5) because

the sonotrode may be at a higher temperature than the

polymer layers. After, the sonotrode touches down and a

force is build up, the ultrasound starts and due to the

generated heat a positive voltage shift is detectable (also

called pyroelectric shift). After the ultrasound is switched

off, the foils stack cools down and the process ends with

the lift off of the sonotrode which is clearly detectable due

to the piezoelectric effect. After the ultrasonic vibrations

are switched off, the temperature is decreasing due to

dissipation of the heat into anvil and sonotrode. When the

sonotrode is moved up again, the release of the load is seen

in the data and the temperature decrease is slowed down

because heat dissipation can no longer go into the

sonotrode.

Since high output voltages can occur with such sensor

foils, it is necessary to apply large capacities C0 (see

Fig. 3) which are connected in parallel to the one of the

PVDF-Sensor foil (type: FDT1-028K). Important for the

following validation is that the capacity C0 was never less

than 47 nF and thus it was much larger than the capacity of

the PVDF-sensor which is 1.37 nF according to the man-

ufacturer Measurement Specialities. But sometimes it was

necessary to connect higher capacities such as 100 nF in

parallel because the charges were so high that the voltage

was exceeding the possible input range of the operational

amplifiers which was set to ? 25 V and to - 10 V. As

operational amplifiers, amplifiers with a gain factor of

1 (type: CA3140), were used to provide a high input

impedance and a low input current. Moreover, a voltage

divider (R1 = 1 MX and R2 = 660 kX) was used optionally
if the resulting output voltage was higher than the admitted

maximal input voltage of the DAQ-boxes which is ± 10 V

according to the manufacturer National Instruments. The

maximal output voltage of the operational amplifiers

is * 3 V below its supply voltage which was set to

? 25 V in the presented experiments. Thus, the maximal

resulting 22 V was multiplied with the factor 0.4 by the

voltage divider to gain 8.8 V (22 V 9 0.4 = 8.8 V) which

is with an adequate buffer small enough as input voltage

for the DAQ-Boxes.

All in all, it is preferable in some cases to calculate the

charge change q instead of the output voltage Ua. Voltage

changes were measured and converted into charge changes

(assuming CPVDF = const = 1.37 nF) by the following

equation (Shirinov and Schomburg 2008):

q ¼ ðC0 þ CPVDFÞ Ue ¼ ðC0 þ CPVDFÞ
R2 þ R1

R2

Ua ð1Þ

For an ultrasonic hot embossing process, both the tem-

perature change and the pressure change affect the output

voltage and thus the charge change (Kosloh et al. 2017).

Therefore, both effects have to be calibrated and that was

done as follows.

The pressure change and thus the voltage change due to

the piezoelectric effect was calibrated by applying different

pressures to one sensor. The sensor was placed between

two plates from thermoplastic polyurethane (TPU) and

different forces were applied by an ultrasonic welding

machine without ultrasonic vibrations. Elastic 2 mm-thick

TPU (Desmopan 192 from the Covestro AG) was used,

because this leads to a homogenous (as good as possible)

pressure distribution under the sonotrode. The pressure was

calculated by dividing the applied force by the area of the

sonotrode which was 4 9 6 cm2. Figure 6 shows the

charge generated by a pressure increase due to applied

forces by the ultrasonic welding machine. C0 was 47 nF.

A fit to the data yields the pressure change Dp as a

function of the measured charge qp and the charge gener-

ated by a pressure change:

Fig. 3 Schematic drawing of applied circuit

Fig. 4 Foils stack with PVDF sensor foil for process 1
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Dp ¼ �1:98 � 103qp
Pa

nC
ð2Þ

qp ¼ �0:51 � 10�3Dp
nC

Pa
ð3Þ

The temperature change was calibrated by immersing

the PVDF sensor foils into a bath of oil and measuring the

charge change qT as a function of the difference of oil and

ambient temperature DT. The measured charges 5 s after

immersing into the oil bath are shown in Fig. 7 as a

function of the bath temperature. The room temperature

was 23.8 �C. C0 was 100 nF.

The following calibration curve and its nonlinear

approximation result:

DT ¼ �12:4 �C þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

154 �C2 þ 4:29 qT
�C2

nC

r

ð4Þ

qT ¼ 5:8� DT
nC
�C

þ 0:23� DT2 nC
�C2

ð5Þ

Obviously, an ultrasonic process implies on the one

hand pressure changes due to a welding or an embossing

force and moreover due to the ultrasonic vibrations, and on

the other hand temperature changes to melt the polymer.

Fig. 5 Example for typical

measurement curves

Fig. 6 Charge generated by the piezoelectric effect of PVDF foils as a

function of pressure load according to a set force at the ultrasonic

welding machine, respectively. Shown are mean values and standard

deviations of two measurements in each case

Fig. 7 Charge generated by the pyroelectric effect of five PVDF foils

as a function of temperature change. Shown are measured values of

five sensors in each case
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All in all, charge changes qi are summarized by the

following equation:

qT þ qp ¼ 5:8� DT
nC
�C

þ 0:23� DT2 nC
�C2

� 0:51

� 10�3Dp
nC

Pa
ð6Þ

The measurement range is limited by the Curie tem-

perature of the PVDF. Therefore, the ultrasonic power

needed to be limited such that not more than approximately

80 �C were reached at the sensor foils, which is recom-

mended by the manufacturer of the sensors. Thus for most

polymers, it is not possible to measure at their softening

temperature where ultrasonic hot embossing and welding

are usually performed. On the other hand, measurements

can reveal the relative distribution of heat generation and

ultrasonic amplitude at lower power which is expected to

be similar as at higher power.

3 Results and discussion

The results presented here show how ultrasonic processes

can be analyzed, e.g. oscillation spectra of ultrasonic

vibrations in foils stacks and ways to determine heat and

pressure distribution in ultrasonic processes. Finally these

distributions were measured in lateral direction and

reproducibility studies were performed.

3.1 Signal analysis of ultrasonic processes

Figure 8 shows frequency spectra of signals measured

during ultrasonic processing. The signals were obtained

from the ultrasonic welding machines 1 and 3, see Table 1,

working at 35 and 20 kHz, respectively:

These spectra show the ultrasonic welding frequencies

20 and 35 kHz and their harmonics 40, 60 kHz, etc. and

70, 105 kHz, etc., respectively. The frequency peaks

shown in Fig. 8 are all due to the mechanical vibrations

and the piezoelectric effect because the temperature rise

generated by friction heat is much slower and would cor-

respond to a frequency of approximately 10 Hz (see

below).

Thus, pyroelectric and piezoelectric effect can be dis-

tinguished in this application by their frequencies. In

Fig. 9, it is shown that the original signal can be separated

into the pyroelectric shift with a low pass filter and the

piezoelectric ultrasonic oscillation with a high pass filter.

When ultrasonic vibrations are starting, both the pres-

sure changes are recognized in the signal and there is seen a

general increase of the voltage due to the rising tempera-

ture generated by friction heat, see Fig. 9a. The part of the

signal recorded during ultrasonic vibrations was applied to

a low pass filter with stop band and pass band of 9 and

1 kHz, respectively. Assuming ideal filter characteristics,

this means that frequencies below a cutoff frequency

between 1 and 9 kHz can perfectly pass while frequencies

above this cutoff frequency are perfectly suppressed (An-

toniou 2009). The result of this calculation is shown in

Fig. 9b. The high frequency vibrations were removed from

the signal and only the signal change due to the tempera-

ture change is seen. From this signal the temperature

change can be calculated by Eqs. (1) and (4).

The part of the signal recorded during ultrasonic

vibrations was also applied to a high pass filter with stop

band and pass band of 9 and 14 kHz, respectively. As a

consequence, all frequencies below 9 kHz were suppressed

and frequencies above 14 kHz were not altered, again

assuming ideal filter characteristics (Antoniou 2009). The

result of this calculation is shown in Fig. 9c and contains

only the mechanical vibrations. It is seen that there was not

a pure sine wave at 35 kHz but that it was superimposed by

a vibration at 70 kHz. This signal can be employed to

calculate the amplitude of the pressure change generated in

the polymer stack by Eqs. (1) and (2).

It was observed that the result of the temperature change

and vibration amplitude obtained as described above is a

function of stop band and pass band parameters, since the

transfer function of practical filters differs from ideal filters

and may lead to amplitude distortion (Antoniou 2009). To

avoid this ambiguity in the following experiments, the

vibration amplitudes were taken directly from the signal

shown in Fig. 9a. The vibration amplitude was calculated

by averaging all peak-to-peak-amplitudes of the ultrasonic

oscillation of a pyroelectric shift and applying Eqs. (1) and

(2). The temperature change was determined from the

change of the mean value between maxima and minima of

the vibrations observed in Fig. 9a. Therefore, the vibration

oscillations were removed from the pyroelectric shift: The

mean value between the peak-to-peak values was deter-

mined for each oscillation of this signal part (cf. Fig. 10)

and the temperature change was determined from the

resulting smoothed signal part (cf. Fig. 10, black graph)

and applying Eqs. (1) and (4).

3.2 Heat and pressure distribution in lateral
direction

The measurement approach described above was employed

to determine the distribution of temperature and pressure

amplitude during ultrasonic processing. Three PVDF sen-

sor foils were placed in the center and 12.5 mm from the

rim of a sonotrode with 8 9 12 cm2 contact area into a

stack of three not piezoelectric PVDF foils, each 250 lm in

thickness (cf. Fig. 11). The sensor foils had a sensitive area

of 12 9 30 mm2 and were placed below the not
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Fig. 8 Frequency spectrum of

PVDF sensors in a foils stack

while applying ultrasonic

vibrations at 35 kHz (a) and
20 kHz (b), respectively.
Spectra were calculated from

15 ms of the signal obtained

during the vibrations of

processes 1 and 2 in Table 1

Fig. 9 Original signal (process

1 in Table 1) of a pyroelectric

shift (a), filtered with a low pass

filter (b), and filtered with a

high pass (c)
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piezoelectric foil in contact with the sonotrode. All

experiments were performed with the ultrasonic welding

machine 3 tuned to 30.6 lm vibration amplitude of the

sonotrode. The electronics of the machine tries to retain

this amplitude when the sonotrode is pressed onto the

polymer stack. For the following experiments the foils

stack including the PVDF sensor was never removed or

disassembled so that always the same foils and the same

sensor were used for each measurement.

The temperature measured in the stack is shown in

Fig. 12 for pressing forces between 150 and 800 N and

after different times of ultrasonic vibrations (process 2 in

Table 1 with the machine settings: 50, 100 and 200 ms

durations of vibrations). At 150 N and 100 ms time of

ultrasonic vibrations, within the error bars the temperature

is the same at all measurement positions. At 800 N and

50 ms the temperature change is approximately 25% larger

in the center of the sonotrode than at the rim. With a time

of 50 ms of ultrasonic vibration, the temperature is raised

by approximately 5 �C but in an ultrasonic process with a

longer time of 200 ms of ultrasonic vibrations in the center

of the sonotrode the sensor foil already arrives at 73 �C.
The pressure amplitudes corresponding to the tempera-

ture measurements shown in Fig. 12 are displayed in

Fig. 13. The amplitude of the pressure vibrations below the

center of the sonotrode is approximately 60% larger than at

the rim for a pressing force of 800 N. This explains why

the generated friction heat as shown in Fig. 12 is larger

below the center of the sonotrode than below its rim. When

the pressing force is only 150 N, the vibrations generate

less friction heat than at 800 N. Amplitudes of the pressure

vibrations were also calculated after filtering the signal

with a bandpass filter. The bandpass filter was designed

with a middle frequency of 20 kHz which was the working

frequency of the ultrasonic welding machine in this pro-

cess. The pass bands were 15 and 25 kHz and the stop

bands were 10 and 30 kHz, respectively. Peak-to-peak-

amplitudes of pressure vibrations with the machine

Fig. 10 Adjusted signal

Fig. 11 Photo and schematic

drawing of the setup for process

2 and 3 in Table 1 employed for

the measurement of temperature

and pressure distribution

3736 Microsystem Technologies (2018) 24:3729–3740
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working frequency are smaller, but show the same

characteristics.

Vibration amplitudes were also measured with a

microscope at the side of a sonotrode (Fig. 14a), see pro-

cess 4 in Table 1. Pictures were taken near the lower edge

(less than 2 mm) of the sonotrode. In the pictures recorded

with the microscope structures on the surface of the

sonotrode near to the foils stack were present. The foils

stack was built from five PP-foils, each foil was 200 lm
thick. When the sonotrode is vibrating, the structures are

visible as strait lines and the length of these lines is the

amplitude of the vibrations (Fig. 14b).

The mean values of the measured amplitudes and their

standard deviations are shown in Fig. 15. There were

always made several photos with the microscope and

approximately four measurements were taken from each

photo.

At the rim of the sonotrode, all measured amplitudes

were more than 18% smaller than the ultrasonic welding

machine was tuned to. It may be that in the center of the

sonotrode the real amplitude was the same as adjusted at

the machine.

The amplitude at the corner of the sonotrode turned out

to be approximately 7–9% larger than in the middle of the

longer edge. Besides this, it is seen that the amplitude is not

much influenced by the force with which the sonotrode is

pressed onto the polymer stack. This is caused by the

control system of the machine keeping the amplitude

constant.

With the PVDF foils, it is also possible to measure the

phase difference of the vibrations at the center and the rim

of sonotrodes. In Fig. 16, there are shown the output

voltages of the three PVDF foils filtered with a bandpass

filter as a function of time. The bandpass filter was

designed with a middle frequency of 20 kHz which was the

working frequency of the ultrasonic welding machine in

this process, the pass bands were 15 and 25 kHz and the

Fig. 12 Absolute temperatures, calculated from measured and eval-

uated temperature shifts DT plus the ambient temperature (21.4 �C)
below the center and the sides of the sonotrode at different pressing

forces and times of ultrasonic vibrations. Shown are mean values and

standard deviations of three pyroelectric measurements in each case

with the exception of the last three bars because the temperatures

reached nearly the maximum operating temperature of the sensors and

therefore equal conditions were no longer ensured

Fig. 13 Averaged peak-to-peak-amplitudes of pressure vibrations

during pyroelectric shift measured below the center and the sides of

the sonotrode for processes with different pressing forces and times of

ultrasonic vibrations: a original signal, b bandpass filtered signal.

Shown are mean values and standard deviations of three ultrasonic

experiments in each case with the exception of the last three bars
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stop bands were 10 and 30 kHz, respectively. It is clearly

seen that there is a phase difference of approximately 2 ls
between the vibration at the center of the sonotrode and at

the rim at this moment. The foils stack was shown in

Fig. 11 and the set parameters can be seen in Table 1,

process 3.

3.3 Reproducibility of ultrasonic processes

It had been observed that suitable parameters for ultrasonic

hot embossing were changing as a function of time.

Therefore, the temperature change DT inside of the poly-

mer foils stack from PC shown in Fig. 4 was measured by

the pyroelectric effect of a PVDF foil after 50 ms of

ultrasonic vibrations with 7.7 lm amplitude and a force of

100 N (process 1 in Table 1) on 11 different days of the

year and ambient temperature and relative humidity were

recorded. Always the same foils stack including the PVDF

sensor was used and never removed or disassembled in

order to keep equal conditions for each experiment.

Absolute temperature can be calculated by adding the

ambient temperature to the temperature change DT. Fig-
ure 17 shows the measurement results obtained on 20

series of tests in the 11 days. DT and ambient temperature

are shown on the left. The measured pyroelectric shifts as a

function of room temperature is shown in Fig. 17 on the

right. It is clearly seen that there is a correlation between

ambient temperature and the pyroelectric shift and thus

between the room temperature and the temperature change

DT inside of the polymer stack, respectively.

Therefore, it is obvious that room temperature affects

the result of ultrasonic processes such as ultrasonic hot

embossing and welding. As a consequence, it is suggested

that the polymer temperature should be controlled for such

processes, for instance by preheating the polymer to a well-

defined temperature.

No clear correlation was found between the temperature

inside of the polymer stack and relative humidity, see

Table 2. But a clear correlation was found between the

measured pyroelectric shift and the ambient temperature,

see Table 2.

4 Conclusions

Ultrasonic processes like thermoforming, hot embossing

and welding have already widespread applications and it is

of great interest how temperature and pressure amplitude

evolve during ultrasonic treatments. PVDF sensor foils

have been employed to measure both pressure and tem-

perature distribution during ultrasonic processing. Because

the sensors can be placed anywhere in the foils stack, the

heat and pressure distribution can be measured in lateral

and normal direction during ultrasonic treatments. Even the

ultrasonic pressure amplitude in the polymer foils stack

was calculated and the phase shift of vibrations both as a

function of position below a sonotrode and as a function of

time was observed. This may be helpful for the

Fig. 14 Measurement of vibration amplitude with a microscope at the

edge of the sonotrode

Fig. 15 Vibration peak amplitudes measured at different positions at

the edge of a sonotrode. n is the number of photos which were taken

in different processes. n = 3 (1, 2, 4) means three photos were taken

and 1, 2 and 4 measurements of vibration amplitudes were done in the

first, second and third photo, respectively
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development of both ultrasonic welding machines and

ultrasonic processes.

The measurement with PVDF foils is limited by the

Curie temperature of the material. As a consequence,

reliable measurements can be performed only up to

approximately 80 �C. Since melting of thermoplastic

polymers occurs typically at higher temperatures, the

PVDF foil may be placed a bit farer from the position

where the melting takes place or a measurement is per-

formed at less pressing force of a lower ultrasonic ampli-

tude to determine temperature and pressure distribution at

lower temperatures.
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