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and quality. Considering the trend of mobile phones with 
increasingly large screens and reduced thicknesses, micro-
speakers are being developed with compact sizes; usually 
as small as 10  mm in diameter (Shahosseini et  al. 2013; 
Kim and Jeong 2015). To meet the requirement for size 
reduction, polymer diaphragms are generally used instead 
of the traditional pulp diaphragms (Hwang et al. 2005). The 
polymer diaphragms are fabricated by the thermoforming 
process, in which a thin polymer film is shaped into the 
desired geometry (Kim and Park 2013).

In the thermoforming process, a thin polymer film is 
heated above its softening temperature, and the softened 
film is deformed into the desired shape over a mold, by 
applying adequate pressure (Throne 1996). This pressure 
can be applied in a direct manner by using hot compressed 
air or mechanical plugs (Collins et al. 2002), as well as an 
in indirect way by using a vacuum (Hosseini et al. 2006). In 
either way, the thermoforming process requires long cycle 
time as long as several minutes, in order to control the mold 
temperature effectively; the mold surface should be heated 
higher than the polymer softening temperature before the 
forming stage, and should be cooled below the demolding 
temperature after the forming stage (Li et al. 2009).

In recent years, ultrasonic vibration energy has been 
used to reduce thermal energy consumption in various 
polymer processing methods. Ultrasonic energy was used 
in hot embossing as an auxiliary heat source (Mekaru et al. 
2007; Khuntontong et  al. 2009), and in micro-injection 
molding to plasticize a small amount of polymer (Michaeli 
et al. 2011; Sacristan et al. 2014). It has also been used as 
a direct energy source to imprint micropatterns on thermo-
plastic polymers (Mekaru and Takahashi 2008; Seo and 
Park 2012). This ultrasonic imprinting was further applied 
to develop functional micropatterns by means of selective 
micropattern replication (Jung and Park 2014; Jung et  al. 
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2015) and repetitive micropattern replication (Lee and Park 
2014).

In this study, ultrasonic vibration energy is applied to 
a plug-assisted thermoforming process of a microspeaker 
diaphragm, in order to reduce the cycle time by heating the 
polymer film locally and rapidly. For this purpose, a therm-
oforming plug was developed to resonate at the given ultra-
sonic excitation frequency, and used as an ultrasonic horn. 
To improve the transmission capability of ultrasonic waves, 
thermoforming molds were developed using a soft mate-
rial, with both flat and curved shapes. The effects of the 
mold shapes and the relevant processing conditions were 
then investigated in terms of the heating capability and 
formability, and the results show that the proposed ultra-
sonic-assisted thermoforming could be successfully applied 
to manufacture microspeaker diaphragms with short cycle 
time.

2 � Thermoforming of a microspeaker diaphragm

2.1 � Overview of the microspeaker diaphragm

Microspeaker diaphragms play an important role in gener-
ating desired sound responses by vibrating within the audi-
ble frequency range. To enable adequate flexibility at its 
vibration, a polymer diaphragm is designed to have a thin 
membrane shape, <100 μm in thickness in general. This 
diaphragm is assembled with a voice coil, from which it 
vibrates due to the electromagnetic interaction between the 
voice coil and magnets in the speaker module (Hwang et al. 
2005). Because the generated sound of the speaker module 
depends on the vibration of the diaphragm, the diaphragm 
should be designed to obtain desired vibration characteris-
tics (Pillai and Deenadayalan 2014).

Figure  1 shows the dimensional configuration of the 
microspeaker diaphragm developed in this study; the 
basic dimensions are 13.8  mm in length, 9.8  mm in 
width, and 32 μm in thickness. Three rectangular bands 
were designed: one large band in the outer region, and 
two small bands in the inner region. The outer band is 
the most important part of the diaphragm, as it deter-
mines the vibration characteristics. A number of micro-
corrugations were designed at the four corner regions of 
the outer band, in order to improve the sound quality and 
uniformity (Kwon et al. 2007). These micro-corrugations 
are 350 μm in width and 70 μm in depth. On the con-
trary, the two inner bands are designed to control the 
material flow inside the outer band during thermoform-
ing, and these regions will be trimmed out after thermo-
forming. Thus, the formability of the outer band includ-
ing the micro-corrugation is the main concern of the 
present study.

The polymer film was manufactured by laminating three 
thermoplastic polymer films; the base film is a thermo-
plastic poly-urethane (TPU) film with 20  μm thickness, 
and two thin Polyetheretherketones (PEEK) films with 6 
μm thickness are laminated on both sides of the base film. 
Detailed material properties for the TPU and PEEK films 
are listed in Table 1.

2.2 � Plug‑assisted thermoforming using a heated mold

The thermoforming process is a polymer processing 
method that shapes a thin polymer film into the desired 
geometry. The microspeaker diaphragm shown in Fig.  1 
was manufactured by the conventional thermoforming pro-
cess: the polymer film was heated to its softening tempera-
ture (156 °C), shaped over a mold by applying air pressure 
(7.5 MPa), and cooled for demolding by circulating cool-
ant (50 °C) in the heated mold. This process requires long 
cycle time, 160 s, in order to heat the mold before forming 
and to cool the mold after forming.

In this study, plug-assisted thermoforming is used to 
form the microspeaker diaphragm, where a mechanical 
plug is used to press a softened polymer film instead of air 
pressure. Additionally, the plug is used not only to press the 

Fig. 1   Configuration of microspeaker diaphragm (unit: mm)

Table 1   Material properties of polymer films

Film material TPU PEEK

Manufacturer Ventwin Co. Ltd. Victrex. Plc.

Trade name VENTWIN® APTIV® 2000

Thickness (μm) 20 6

Glass transition temperature (°C) 88 143

Tensile strength (MPa) 50 120

Elongation at break (%) 540 200
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softened film but also to transfer the ultrasonic wave to the 
film for appropriate heating and softening. The plug thus 
should be designed to play a role as an ultrasonic horn: it 
should resonate at the specified excitation frequency at its 
longitudinal vibration mode (Seo and Park 2012). The plug 
was then designed to have the same geometry as the opti-
mally designed horn that was determined by a finite ele-
ment analysis in a previous work of the authors (Bae and 
Park 2015). Figure 2 shows the fabricated ultrasonic plug 
with its dimensions, where three rectangular bands and 
micro-corrugations were engraved. The plug material was 
AA7075-T61, considering its high ultrasonic transmission 
capability and mechanical strength.

The plug-assisted thermoforming was performed first 
without the use of ultrasonic excitation, in order to com-
pare the formability of the microspeaker diaphragm in 
terms of whether ultrasonic vibration energy is used or not. 
The thermoforming mold was fabricated using an AISI-
1045 steel block, and the negative shapes of the diaphragm 

features were engraved on its surface. The mold tempera-
ture was maintained at 165 °C using two cartridge heaters. 
Air pressure was not imposed in this case, in order to inves-
tigate the effect of ultrasonic vibration in isolation.

Thermoforming experiments were performed with varia-
tion in the forming time; from 1.0 to 4.0 min, with an incre-
ment of 1.0 min. Figure 3a–d are enlarged photographs of 
the thermoformed films for each case, showing that micro-
corrugations were not developed even in the 4.0 min case.

For quantitative comparison of the formability, the form-
ing ratio was defined by the relative height of the thermo-
formed feature to its design value (0.47 mm). The forming 
ratio was evaluated for the results of four thermoforming 
cases, by measuring the formed band heights at four differ-
ent locations for three thermoformed samples, as marked 
in Fig. 4a. These forming ratios are compared in Fig. 4b, 
showing a range between 54 and 61  %. Although the 
increase in forming time led to slightly improved form-
ing ratio, the amount of improvement was not significant 

Fig. 2   Fabricated ultrasonic 
plug with engraved micro-
corrugations

Fig. 3   Comparison of thermo-
formed shapes with an increase 
of forming time: a 1.0, b 2.0, c 
3.0, and d 4.0 min
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enough to fulfill the satisfactory level. Therefore, it can be 
concluded that additional efforts are required for further 
improvement of formability.

3 � Ultrasonic‑assisted thermoforming

3.1 � Process overview

To improve the formability of the microspeaker diaphragm, 
an ultrasonic-assisted thermoforming system was devel-
oped by modifying the aforementioned plug-assisted ther-
moforming process. Figure  4 shows the configuration of 
the developed ultrasonic-assisted thermoforming system, 
which is mainly composed of an ultrasonic excitation unit, 
a pressing unit, and a thermoforming section. In the ther-
moforming section, a polymer film is placed between an 

ultrasonic plug and a lower mold. Ultrasonic waves are 
transferred from the plug to the polymer film, by generat-
ing repetitive deformation energy of the polymer film and 
frictional heat between the plug and polymer surfaces. The 
deformation energy and frictional heat raise the film tem-
perature above its softening temperature. The plug then 
presses the softened film during a certain amount of hold-
ing time such that the polymer film is deformed into the 
desired shape.

The ultrasonic excitation unit delivers ultrasonic waves 
with a frequency of 27  kHz and a power of 700 W. The 
ultrasonic plug was fabricated according to the design 
parameters to resonate at 27  kHz, as shown in Fig.  2. 
The fabricated plug was attached to the ultrasonic form-
ing equipment, and its vibration amplitude was measured 
as 4.35 μm at the outlet. The pressing unit uses hydraulic 
pressure to impose imprinting pressure, up to 0.6 MPa. In 
the thermoforming section, a polymer film was installed 
in the mold where two cartridge heaters were inserted. A 
sensor hole was placed between these two heater holes, in 
which a thermal sensor was installed to measure the mold 
temperature for feedback temperature control.

3.2 � Ultrasonic thermoforming using a soft mold

In ultrasonic imprinting, the lower molds are usually pre-
pared using hard metal (Liao et  al. 2015). These metal 
molds have are typically used in ultrasonic imprinting, 
where the target polymer films are thicker than 100 μm. 
Hence, ultrasonic vibration with amplitude of several 
micrometers is well absorbed in the target film. However, 
in the case of the present thermoforming, the film thickness 
is only 32 μm, which is too thin to absorb the given ultra-
sonic vibration; electrical short-circuits frequently occurred 
when the contact force of the ultrasonic plug exceeded the 
critical value of the developed system (Fig. 5).

To overcome this problem, a soft mold was used instead 
of the hard metal mold. Dow Corning® 184 silicone elasto-
mer was used as the soft mold material, the Shore hardness 
and elongation of which are 44 and 120  %, respectively. 
Soft mold cores were fabricated using this material, and 
were inserted into a metal mold base (AISI-1045 steel). 
Figure 6 illustrates the configuration of two soft molds, a 
flat soft mold (Fig.  6a) and a curved soft mold (Fig.  6b). 
The curved mold was fabricated to have a negative shape of 
the microspeaker diaphragm, by molding from its positive 
shape.

To investigate the heating characteristics of these two 
soft molds, ultrasonic thermoforming experiments were 
performed with temperature measurement. The temperature 
distribution of the polymer film was measured using a ther-
mal imaging system (FLIR E50, FLIR Systems Inc., USA). 
Ultrasonic vibration was imposed for 0.5 s with a pressure 

Fig. 4   Forming ratio for plug-assisted thermoforming: a measure-
ment locations (1–4), and b comparison for various forming time
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of 0.3  MPa. The forming experiments were performed at 
room temperature without mold heating. Figure 7a, b show 
the temperature distributions for both molds, at three inter-
mediate stages: (1) before vibration, (2) during vibration, 
and (3) after vibration. It can be seen that the maximum 
temperatures after vibration were 91.1 °C for the flat mold 
and 101.3 °C for the curved mold, respectively. This indi-
cates that the curved mold provides better heating capa-
bility than the flat mold because the ultrasonic-induced 
deformation and friction were more focused in the curved 
regions than the flat region.

Figure  7c compares the temperature profiles for each 
case, at the maximum temperature locations. It can be seen 
that the maximum temperature increased rapidly during 
the vibration stage, and fell below 50  °C after 20  s with-
out additional mold cooling. This rapid heating and cooling 
capability is due to the localized heating characteristics of 

the repetitive friction between the plug and polymer film, 
where the locally generated heat is dissipated through heat 
conduction to the horn and mold. Therefore, the ultrasonic-
assisted thermoforming does not require additional mold 
cooling unlike the conventional thermoforming process, 
where the entire mold is heated by a number of embedded 
heaters.

Figure 8a, b show the changes of the maximum temper-
ature for the flat and curved mold cases, with an increase 
of the vibration time. Overall, the maximum temperature 
increased as the vibration time and imprinting pressure 
increased while the imprinting pressure shows a more 
sensitive effect than the vibration time. Among these 
four pressure cases, the case of 0.6 MPa pressure shows a 
remarkable temperature increase compared to other cases. 
Based on these results, the imprinting pressure was set to 
0.6 MPa.

Fig. 5   Configuration of 
ultrasonic-assisted thermoform-
ing system

Fig. 6   Configuration of soft 
molds using silicon elastomer: a 
flat mold and b curved mold
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Ultrasonic thermoforming experiments were then per-
formed under conditions of 0.6 MPa pressure, 0.1 s vibra-
tion time and 9.0 s holding time. Figure 9a, b show pho-
tographs of the thermoformed diaphragm for the flat and 
curved mold cases, enlarged in the corner region where 
micro-corrugations were developed. It can be seen that 
the curved mold case shows better replication of the 
micro-corrugations than the flat mold case. This is in 
good agreement with the result in Fig. 8, showing that the 
curved mold presents a higher temperature increase than 
the flat mold. The curved mold has another advantage that 
the negative features on the mold surface facilitate pres-
sure transmission during the thermoforming process, by 

increasing the contact area between the mold and the pol-
ymer film.

3.3 � Effects of processing conditions

3.3.1 � Effects of the vibration time

In this section, the effects of the processing parameters 
including the vibration time, holding time, and mold tem-
perature are discussed. The imprinting pressure was set to 
0.6 MPa according to the results of Sect. 3.2. First, ultra-
sonic thermoforming experiments were performed with 
variation of the vibration time from 0.05 to 0.20  s. The 
holding time was set to 9.0  s, and the experiments were 
performed at room temperature.

The forming ratio for the outer band was evaluated for 
each condition, and compared in Fig.  10. It can be seen 
that the flat mold case shows a forming ratio between 68 to 
74 %, which is higher than those of the plug-assisted ther-
moforming cases in Fig. 4, between 54 and 61 %. Consid-
ering that the proposed ultrasonic thermoforming took only 

Fig. 7   Comparison of temperature distributions for: a flat mold, b 
curved mold, and c temperature profiles

Fig. 8   Comparison of the maximum temperature for: a flat mold and 
b curved mold
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9.2 s at most including its vibration and holding time, it is 
noted that the proposed ultrasonic-assisted thermoform-
ing is superior to the plug-assisted thermoforming in terms 
of productivity and quality. Furthermore, the curved mold 
case shows superior results; the forming ratio exceeded 

90 % when the vibration time was longer than 0.1 s. How-
ever, in the case of the curved mold, forming fractures 
occurred when the vibration time was 0.2  s, as shown in 
Fig.  11. These fractures were expected to occur when 
excessive vibration was imposed. Thus, the vibration time 

Fig. 9   Comparison of the 
formed part with micro-corruga-
tions: a flat mold and b curved 
mold

Fig. 10   Comparison of the forming ration according to the vibration 
time

Fig. 11   Example of forming fractures (0.2 s vibration, curved mold 
case)

Fig. 12   Comparison of the forming ratio according to the holding 
time

Fig. 13   Comparison of the forming ratio according to the mold tem-
peratures
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was set to 0.1 s, with which the forming ratio was as high 
as 94 % without any forming fracture.

3.3.2 � Effects of the holding time

Additional experiments were performed with variation of 
the holding time from 3.0 to 9.0 s, with an increment of 
2.0  s. In these experiments, the imprinting pressure and 
vibration time were set to 0.6 MPa and 0.1 s. The experi-
ments were performed at room temperature. The resulting 

forming ratios are compared in Fig. 12. The overall trend, 
where the curved mold case shows a higher forming ratio 
than the flat mold case, was similar with that of the previ-
ous result in Fig. 10. In the case of the curved mold, high 
forming ratios >90 % could be obtained when the hold-
ing time was longer than 5.0 s. Based on this result, the 
holding time was set to 5.0 s in order to reduce the pro-
cessing time as well as to maintain a high forming ratio.

3.3.3 � Effects of the mold temperature

Further experiments were performed with variation of the 
mold temperature from 25 to 100  °C, with an increment 
of 25  °C. The imprinting pressure, vibration time and 
holding time were set to 0.6 MPa, 0.1 and 5.0 s, respec-
tively. Figure 13 shows the measured forming ratio at four 
mold temperatures for the flat and curved mold cases. 
It can be seen that the mold temperature did not exert a 
significant effect on the forming ratio, unlike the other 
processing parameters. This can be explained by the low 
thermal conductivity of the soft mold (1.30 W/m-K) such 
that the mold heating by the cartridge heaters does not 
affect the mold surface temperature significantly. Instead, 
mold heating affects only the outer region of the poly-
mer film where it contacts the metal mold base. The outer 
region is then locally softened so that ultrasonic excita-
tion is absorbed in that region, which can act as a nega-
tive effect on formability. Based on these results, the mold 
temperature was set to 25 °C (room temperature) without 
additional mold heating, as a way of minimizing energy 
consumption.

3.4 � Results and discussion

Based on the results of the previous section, the best form-
ing conditions were determined as 0.6  MPa imprinting 

Fig. 14   Comparison of the measured surface profiles for the micro-
corrugations: a flat mold sample, b curved mold sample, and c ther-
moformed sample (unit: μm)

Fig. 15   Sectional comparison of the micro-corrugation profiles
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pressure, 0.1  s vibration time, 5.0  s holding time, and 
25  °C mold temperature. Ultrasonic-assisted thermoform-
ing experiments were performed under these conditions, in 
which the forming ratios for the flat and curved molds were 
68 and 95  %. To compare these results with the conven-
tional thermoforming process, thermoforming experiments 
were also performed without the aid of ultrasonic excita-
tion. In the thermoforming process, the mold was heated 
from the initial temperature (50 °C) to the target tempera-
ture (160 °C) for 100 s. The mold was then cooled by cir-
culating cold water for 60  s, until the mold temperature 
reached 50 °C.

To investigate the forming characteristics of micro-
corrugations, their surface profiles were measured using 
a laser microscope (VK-X200, KEYENCE Co., Japan). 
Figure  14a, b show the measured surface profiles of the 
micro-corrugations, in the cases of the flat and curved 
molds, respectively. The surface profile measurement was 
also performed for a thermoformed sample, as shown in 
Fig. 14c. It can be clearly seen that the curved mold sample 
(Fig. 14b) has better replication quality than the flat mold 
sample (Fig.  14a), but shows slightly lower replication 
quality than the thermoformed sample (Fig. 14c).

Figure  15 compares the measured sectional profiles of 
the micro-corrugations for the three cases. It can be seen 
that the curved mold case (452.4 ± 24.7 μm) shows similar 
forming height with that of the conventional thermoform-
ing case (462.6 ± 34.2 μm), while the flat mold case shows 
much lower forming height (293.3 ±  6.2 μm). This indi-
cates that the proposed ultrasonic-assisted thermoforming 
using the curved mold ensures high forming quality com-
parable to that of the conventional thermoforming process, 
while a small deviation existed due to the use of the soft 
mold and ultrasonic vibration.

Table  2 compares the cycle time for each forming 
method. The cooling time was determined by measur-
ing the elapsed time when the mold temperature reached 
50 °C after the forming stage. It can be seen that the ultra-
sonic-assisted thermoforming required only 19.5  s cycle 
time, when the curved mold was used. Considering that 
this cycle time corresponds to only 1/8th of the conven-
tional thermoforming process case (160  s), the proposed 
ultrasonic-assisted thermoforming process can replace 
the conventional thermoforming process of microspeaker 

diaphragms, as a rapid and energy-efficient fabrication 
method.

4 � Conclusion

In this study, an ultrasonic-assisted thermoforming process 
was developed to manufacture a microspeaker diaphragm 
in a short cycle time. In this process, ultrasonic vibration 
energy was used to soften the polymer film instead of the 
conventional thermal energy, by imposing repetitive defor-
mation and friction. A thermoforming plug was designed to 
act as an ultrasonic horn, which was designed to resonate at 
a frequency of 27 kHz with a longitudinal vibration mode. 
Microfeatures as a positive shape of the microspeaker dia-
phragm were engraved on its outlet. To transfer ultrasonic 
vibration to a thin polymer film effectively, soft molds 
were used instead of typical metal molds. Two types of 
soft molds, a flat mold and a curved mold with the negative 
shape of the diaphragm, were investigated in terms of their 
heating characteristics and formability.

An experimental comparison revealed that the curved 
mold showed better heating characteristics and formabil-
ity than the flat mold, because the negative features on the 
mold surface improved the transmission characteristics 
of the ultrasonic vibration and pressure. The best form-
ing conditions were determined to be as follows: 0.6 MPa 
imprinting pressure, 0.1  s vibration time, 5.0  s holding 
time, and 25 °C mold temperature. Under these conditions 
and with the use of the curved mold, high forming ratio 
could be obtained: 97 % for the outer band and 72 % for 
the micro-corrugations, in comparison with those of the 
thermoformed sample.

Considering that the cycle time of the ultrasonic-assisted 
thermoforming was as short as 19.5  s, the proposed pro-
cess is expected to replace the traditional thermoforming 
process, which required more than 160 s per cycle. Further 
studies are required to improve the forming ratio of the 
micro-corrugations in order to obtain better sound quality 
of microspeaker diaphragms.
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