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Description

Technical field

[0001] The present invention relates to a piezoelectric sheet and to method and apparatus for manufacturing the
piezoelectric sheet and, more specifically, it relates to a piezoelectric sheet composed of polylactic acid as well as method
and apparatus for manufacturing the same.

Background art

[0002] Polylactic acid (PLA) has such a molecular structure as shown in Fig. 14. PLA is dehydrated condensation
polymer obtained through ring-opening polymerization of lactide, which is a cyclic dimer of lactic acid. Since lactic acid
contains asymmetric carbon, it has chirality. Therefore, L-form and D-from are present in PLA, whose polymers are
referred to as poly L-lactic acid (PLLA) and poly D-lactic acid (PDLA), respectively. Main chain of PLLA has left-handed
helix structure, and main chain of PDLA has right-handed helix structure. Polylactic acid derived from lactic acid syn-
thesized by microorganism is mostly in L-form and, currently mass-produced and used PLA is PLLA.
[0003] As described, for example, in Japanese Patent Laying-Open No. 5-152638 and Yoshiro TAJITSU, "Poly Nyusan
Maku no Hikari/Denki Kinou (Optical/Electric Functions of Polylactic Film)", Mirai Zairyo, July 2003, Vol. 3, No. 7, pp.
16-25, a stretched PLA film exhibits piezoelectricity. According to "Poly Nyusan Maku no Hikari/Denki Kinou (Opti-
cal/Electric Functions of Polylactic Film)", Mirai Zairyo, July 2003, Vol. 3, No. 7, pp. 16-25, point group of PLLA crystal
is D2, and has such component as shown in Fig. 15(a) as piezoelectric tensor.
[0004] PLLA is helical polymer having dipoles of large value in the helix axis direction (C-axis direction). Crystal
structure of PLLA is packed with dipoles in the C-axis direction facing opposite directions alternately. Therefore, mac-
roscopically, dipoles in the C-axis direction are cancelled with each other to be zero. Therefore, assuming that a PLLA
sheet is stretched in "3" axis direction as shown in Fig. 15(b), the piezoelectric tensor of the stretched, uniaxially-oriented
PLLA sheet comes to have such component as shown in Fig. 15(c) as a result.
[0005] As described, for example, in JP 5-152638 and Japanese Patent Laying-Open No. 2005-213376, piezoelectric
phenomenon of conventional piezoelectric PLLA mainly comes from d14 shown in Fig. 15(c), of which value is about 10
to 20pC/N. The piezoelectric constant of PLLA is distinctively high among polymers.
[0006] On the other hand, PZT as a representative example of ceramic piezoelectric body commercially available at
present has as high a value as d33 = 300 to 700 pC/N, and it is applied to various actuators, piezoelectric buzzers and
piezoelectric speakers. PZT, however, is lead-containing material and, from the viewpoint of environmental protection,
lead-free piezoelectric material has been desired in the market. Further, among inorganic piezoelectric materials, ce-
ramics are dominant, of which manufacturing cost is high and which inevitably involves disposal by landfill. From the
foregoing, polymer piezoelectric material that can be manufactured at a low cost and is easily disposable has been
desired. No material having piezoelectric constant comparable to PZT has said to be found.
[0007] PVDF (polyvinylidenefluoride) and PLLA are considered promising as polymers having very high piezoelectric
constants. Particularly, as can be seen from Fig. 14, PLLA contains only C, O and H as constituent elements and,
therefore, it will not emit any harmful substance when incinerated. Further, PLLA is biodegradable plastic that can be
fully decomposed to water and CO2 through two steps of decomposition process of hydrolysis and microbial degradation.
At present, raw material is corn starch, and petroleum oil is not at all used as the raw material. Except for CO2 derived
from energy used in the manufacturing process, PLLA itself does not increase CO2 in the air after decomposition, since
original material of PLLA is CO2 in the air. This is the reason why PLLA is considered carbon-neutral, and it attracts
attention as environmentally friendly material.
[0008] It is noted, however, that piezoelectric constant of PLLA is, for d14, at most 20 pC/N, which is very low as
compared with the piezoelectric constant of PZT. In order to use PLLA as a replacement of PZT, it is necessary to apply
very high voltage at the time of operation. Therefore, conventionally, replacement to PLLA has been very difficult.
[0009] JP 3470471 B2 relates to a polymeric electret material having piezoelectric properties.
[0010] JP 2005-203590 A discloses a piezoelectric transduction composite material, formed of a biodegradable resin
in a matrix material.
[0011] US 5348983 discloses polylactide foams and the production of foamed polylactide moldings.
[0012] In view of the foregoing, we have appreciated that it would be desirable to provide a piezoelectric sheet having
high piezoelectric constant particularly in thickness direction, using polylactic acid, and to provide method and apparatus
for manufacturing a piezoelectric sheet such as described above.

SUMMARY OF THE INVENTION

[0013] The present invention is defined in the independent claims to which reference is now directed. Preferred features
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are set out in the dependent claims.
[0014] The first aspect of the present invention is directed to a piezoelectric sheet composed of polylactic acid having
helix axes of at least some polylactic acid molecules oriented relatively in a thickness direction, and dipoles in the direction
of the helix axes of the polylactic acid molecules not being cancelled out with each other to exhibit piezoelectricity
resulting from a value of piezoelectric constant d33 of between 100 pC/N and 500 pC/N, where the 3 axis is in the
thickness direction, in order to solve the technical problem described above.
[0015] It is noted that the term "sheet" and the term "film" are sometimes used separately to represent different
thicknesses. In the present specification, however, the term "sheet" will be used regardless of the thickness.
[0016] Further, as described in the Background section, commonly distributed polylactic acid is poly L-lactic acid. It is
noted, however, that the polylactic acid described as a solution to the technical problem encompasses, in concept, poly
L-lactic acid, poly D-lactic acid and the mixture of these.
[0017] The present invention is also directed to a method of manufacturing the piezoelectric sheet described above.
The method of manufacturing a piezoelectric sheet in accordance with the present invention includes the steps of:
preparing a polylactic acid sheet containing polylactic acid; heating the polylactic acid sheet by applying microwaves via
a microwave generator emitting at least two different frequencies; and applying a high voltage in a thickness direction
of the heated polylactic acid sheet, to orient the helix axes of at least some of polylactic molecules relatively to the
thickness direction, to have piezoelectricity exhibited in the thickness direction of the polylactic acid sheet.
[0018] Preferably, the method of manufacturing a piezoelectric sheet according to the present invention further includes
the step of quenching the polylactic acid sheet after the step of applying high voltage.
[0019] Preferably, in the method of manufacturing a piezoelectric sheet according to the present invention, the step
of applying high voltage is executed simultaneously with at least part of the heating step.
[0020] The present invention is also directed to an apparatus for manufacturing the piezoelectric sheet described
above. The apparatus for manufacturing the piezoelectric sheet in accordance with the present invention includes a high
voltage power supply; conductors for applying high voltage, forming a pair arranged to hold therebetween a polylactic
acid sheet in thickness direction, for applying a high voltage supplied from the high voltage power supply in the thickness
direction of the polylactic acid sheet to be
processed; a microwave generator for generating a microwave; and a coaxial line transmitting the microwave from the
microwave generator; wherein the conductors for applying high voltage are connected to an inner conductor of the
coaxial line, and adapted to generate heat by dielectric loss, when the microwave passes through a capacitor formed
by the polylactic acid sheet and the conductors for applying high voltage holding the sheet.
[0021] According to another embodiment, the apparatus for manufacturing a piezoelectric sheet in accordance with
the present invention includes a high voltage power supply; conductors for applying high voltage, forming a pair arranged
to hold therebetween a polylactic acid sheet in thickness direction, for applying a high voltage supplied from the high
voltage power supply in the thickness direction of the polylactic acid sheet to be processed; a microwave generator for
generating a microwave; a coaxial line transmitting the microwave from the microwave generator; and at least one stage
of semiaxial cavity filter connected to the coaxial line; wherein one of the conductors for applying high voltage is connected
to a central conductor of the semiaxial cavity filter, the other one of the conductors for applying high voltage is connected
to an outer conductor of the semiaxial cavity filter, and the conductors for applying high voltage are adapted to generate
heat by dielectric loss, when the microwave passes through a capacitor formed by the polylactic acid sheet and the
conductors for applying high voltage.
[0022] In the apparatus for manufacturing a piezoelectric sheet in accordance with the present invention, one of the
conductors for applying high voltage may be implemented by a plurality of pin-shaped conductors, and the other of the
conductors for applying high voltage may be implemented by a planar conductor. Alternatively, one and the other of the
conductors for applying high voltage may be implemented by a plurality of pin-shaped conductors, and the plurality of
pin-shaped conductors may form pairs with each other without leaving any unpaired conductor.
[0023] In the apparatus for manufacturing a piezoelectric sheet in accordance with the present invention, preferably,
a plurality of different types of microwaves having frequencies different from each other are generated by the microwave
generator. Preferably, the plurality of different types of microwaves include at least a microwave having a frequency
mainly effective for heating, a microwave having a frequency mainly suitable for shaking main chain of polylactic acid,
and a microwave having a frequency mainly suitable for braking bonding portion bonding polylactic acid molecules with
each other.
[0024] In the apparatus for manufacturing a piezoelectric sheet in accordance with the present invention, preferably,
if the conductor for applying high voltage is implemented by a plurality of pin-shaped conductors, the plurality of pin-
shaped conductors are arranged to form a plurality of lines, and each of the pin-shaped conductors of each line is
positioned corresponding to a space formed between each of the conductors of an adjacent line. More preferably, the
conductor has a square cross section, and the space between adjacent conductors is made equal to length of one side
of the square defining the cross section of each conductor.
[0025] In the apparatus for manufacturing the piezoelectric sheet in accordance with the present invention, preferably,
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an outlet of cooling fluid is provided close to the conductor for applying high voltage, for quenching the polylactic acid sheet.
[0026] A polylactic acid sheet in a bulk state (formed but unprocessed) has a structure having long helical molecules
entangled with each other and, even if a very large electric field is applied in the thickness direction, piezoelectricity is
not exhibited in the thickness direction. According to the present invention, in a piezoelectric sheet composed of polylactic
acid, the entangled helical molecules are unraveled, and at least in some helical molecules, helix axes are relatively
oriented in the thickness direction. Thus, a piezoelectric sheet exhibiting piezoelectricity in the thickness direction can
be obtained. If only 10% of helical molecules could be oriented in the thickness direction of the piezoelectric sheet, a
piezoelectric body comparable to PZT would be obtained. If higher ratio of molecules could be oriented, a piezoelectric
body superior to PZT would result. Even if the ratio is as low as 5%, the resulting piezoelectric body would have remarkably
high piezoelectric constant for a polymer piezoelectric body.
[0027] PZT widely used for piezoelectric actuators and the like is lead-containing ceramic, which is difficult to dispose
of. If piezoelectric constant comparable to PZT can be attained in PLLA, replacement of PZT with PLLA becomes
possible. PLLA is biological polymer of simple composition not including heavy metal, which is biodegradable and formed
from starch as raw material. Therefore, it does not increase CO2 in the air except for CO2 generated at the time of
manufacturing. Further, CO2 generated at the time of manufacturing is quite small in amount as compared with manu-
facturing of other organic polymers. Therefore, replacement of PZT with PLLA has great effect in reducing environmental
load.
[0028] Further, since polylactic acid is polymer and has higher flexibility than PZT, it attains higher amount of displace-
ment than PZT when applied to an actuator.

BRIEF DESCRIPTION OF DRAWINGS

[0029] Embodiments of the present invention will now be described, by way of example only, with reference to the
accompanying drawings, in which:

Fig. 1 is a cross-sectional view of a PLLA sheet 1, illustrating a state in which at least some of helix axes 3 of PLLA
molecules are relatively oriented in the thickness direction, by the manufacturing method of the present invention.
Fig. 2 is a block diagram showing a manufacturing apparatus 10 in accordance with an embodiment of the present
invention.
Fig. 3 includes (a) a plan view of a PLLA processing unit 30 and (b) a front view of PLLA processing unit 30, showing
details of PLLA processing unit 30 including a PLLA heating unit 17, with PLLA heating unit 17 on the block diagram
of Fig. 2 configured as a transmission line type unit.
Fig. 4 includes (a) a cross-sectional view taken along line A-A of Fig. 3(b) and (b) a cross-sectional view taken along
line B-B of Fig. 3(a).
Fig. 5 correspond to (a) and (b) of Fig. 4, showing, in a cross-section, one inner conductor 35a shown in Fig. 4, and
one end of transmission line portion including a housing 31 and inner conductors 35a and 35b not shown in Fig. 4.
Fig. 6 includes (a) a front view of a PLLA processing unit 50 and (b) a cross-sectional view of PLLA processing unit
50, showing details of PLLA processing unit 50 including PLLA heating unit 17, with PLLA heating unit on the block
diagram of Fig, 2 configured as a resonator included unit.
Fig. 7 includes (a) a cross-sectional view taken along line B-B of Fig. 6(b) and (b) a cross-sectional view taken along
line A-A of Fig. 6(a).
Fig. 8 shows a state of electric field obtained through finite element method simulation, using a simplified model of
PLLA processing unit 50 shown in Figs. 6 and 7.
Fig. 9 corresponds to Fig. 7(b), showing PLLA processing unit 50a formed as a four-stage band-pass.
Fig. 10 shows a first example of an arrangement of pin conductors 36a shown in Fig. 4, showing pin conductors
36a with an end surface at a tip end 38a of inner conductor 35a viewed from the side of PLLA sheet 1.
Fig. 11 shows a second example of an arrangement of pin conductors 36a shown in Fig. 4, showing pin conductors
36a with an end surface at a tip end 38a of inner conductor 35a viewed from the side of PLLA sheet 1.
Fig, 12 shows a third example of an arrangement of pin conductors 36a shown in Fig. 4, showing pin conductors
36a with an end surface at a tip end 38a of inner conductor 35a viewed from the side of PLLA sheet 1.
Fig. 13 shows a fourth example of an arrangement of pin conductors 36a shown in Fig. 4, showing pin conductors
36a with an end surface at a tip end 38a of inner conductor 35a viewed from the side of PLLA sheet 1.
Fig. 14 shows molecular structure of polylactic acid.
Fig. 15 shows (a) piezoelectric tensor of PLLA crystal, (b) direction of stretching PLLA sheet, and (c) piezoelectric
tensor of uniaxially-oriented PLLA sheet.
Fig. 16 illustrates two bonded lactic acid molecules.
Fig. 17 illustrates lactic acid molecules forming helical molecules through dehydrated condensation.
Fig. 18 illustrates a function of helix axis of the lactic acid molecules shown in Fig. 17.
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DESCRIPTION OF EMBODIMENTS

[0030] PLLA has such a molecular structure as shown in Fig. 14, as described above, and on a main chain, there is
a molecular group generating permanent dipoles, such as C= O. When we consider two bonded lactic acid molecules,
electric dipoles such as shown in Fig. 16 appear.
[0031] As described above, polylactic acid includes PLLA as L-form and PDLA as D-form, and a positive mixture of
these may be considered. In this section, however, description will be given with reference to PLLA as an example, for
simplicity of description.
[0032] Dehydrated condensation of lactic acid molecules results in helical molecules, as described above. Molecular
model is as shown in Fig. 17. In the molecules of helical structure of PLLA, a sum of vectors of dipoles generated in
each molecule is formed, and large dipoles are left in the direction of helix axis. The idea is as shown in Fig. 18.
[0033] As shown in Fig. 18, PLLA molecules come to have a 10/3 helix structure, in which 10 monomers lead to three
turns of helix of molecules. Based on the dipoles in PLLA molecules, if a molecular chain comes to have 10/3 helix
structure, the dipole moment in the direction of helix axis is 3.5 to 3.7 debye per one cycle.
[0034] Generally, PLLA molecules have molecular weight of several hundreds of thousands, and formed of about
1000 to 3000 cycles. In the following, for simplicity of description, the number of cycles is assumed to be 2000. If this
can be oriented as an extended chain, the length will be about 100 nm (in normal lamellar thickness).
[0035] Here, the sum of dipoles of the molecules will be 

[0036] In the following, for simplicity of description, it is assumed to be 7200 debye.
[0037] Here, 1 debye = 3.33564 3 10-30 C·m and, therefore, 7200 debye = 2.4 3 10-26 C·m.
[0038] Assuming that two molecular chains are aligned parallel to each other, adjacent molecular chains come close
to each other near the radius of PLLA helix, and from the correlation distance of higher order structure of amorphous
and crystal structures of PLLA, the distance between helix axes is estimated to be 0.4 to 0.8 nm. In the following, for
simplicity of description, the value is assumed to be 0.4 nm.
[0039] Here, polarizability Ps is given as 

[0040] Using polarizabilitly Ps, macroscopic piezoelectric stress constant e of polymer is given by Equation (1) below.
In Equation (1), v represents Poisson constant and e’ represents microscopic piezoelectric stress constant.

Here, 3 axis is assumed to be in the C axis direction.
[0041] The first to third terms of Equation (1) are piezoelectric stress constants derived directly from the molecular
structure and very small. The fourth term depends on the polarizability Ps and in case of PLLA described here, Ps is
very large. Therefore, Equation (1) can be approximated to Equation (2) below. 

A polymer typically has ν21 value of about 0.2 to about 0.5. For PLLA, ν21 ≈ 0.3. Therefore, 

[0042] Since Ps = 3.0 C/m2 as mentioned above, 
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[0043] Here, piezoelectric strain constant (d constant) is given by 

where SE represents elastic compliance. Unstretched film of PLLA has elastic constant of about 3.7 GPa, and 4-times
stretched film has elastic constant of about 1.8 GPa. In a stretched film, C axis is oriented in the direction of stretching.
[0044] It is assumed that PLLA in accordance with the present invention has very high orientation and, elastic constant
of such polymer is considered to be about 1 GPa. Therefore, the d constant can be estimated as 

[0045] When Poisson constant is 0.3, the relation between piezoelectric constants d31 and d33 is approximately 

Therefore, 

[0046] As described above, if dipoles along the C axis (helix axis) of PLLA helical molecules could be perfectly oriented
in the thickness direction, considering numerical range, the piezoelectric constant of PLLA could possibly be as high as
1000 to 5000 pC/N. Such an implementation, however, has not yet been realized.
[0047] By arranging helix axes to be vertical to the thickness direction of the film and thereby breaking the alternately
packed state of dipoles along the C axis by about 10%, or by exploiting about 10% of intrinsic potential of PLLA, it is
believed that the value of d33 as high as 100 to 500 pC/N can be attained (here, 3 axis is in the thickness direction of
the film), which is substantially comparable to the piezoelectric constant of PZT.
[0048] The PLLA sheet such as described above can be manufactured in the following manner.
[0049] Referring to Fig. 1, microwave is applied to a very small region 2 of about 0.01 to about 1 mm2 of an unprocessed
PLLA sheet 1. This causes electric field alternation to act on dipoles, resulting in forced vibration of PLLA molecules. In
Fig. 1, arrows represent helix axes 3 of PLLA molecules. The direction of each arrow represents the direction of orientation.
As a result of the vibration, heat generates and makes PLLA molecules more mobile, and by microwave vibration,
entangled molecular chains are unraveled.
[0050] In the state described above, by applying a strong electric field in the thickness direction of PLLA sheet 1 in
the prescribed region 2, helix axes 3 of at least some of PLLA molecules come to be oriented relatively in the thickness
direction, to exhibit piezoelectricity in the thickness direction. Fig. 1 shows the state of orientation in this region 2.
[0051] As can be seen from Fig. 1, in order to have PLLA sheet 1 exhibit piezoelectricity in the thickness direction at
region 2, it is unnecessary to have helix axes 3 of all PLLA molecules oriented in the thickness direction, in a direction
not causing cancellation of orientation of dipoles with each other. What is necessary is to have helix axes of only some
of the PLLA molecules oriented in the thickness direction. Further, it is not always necessary that helix axes 3 oriented
in the thickness direction are vertical (90 degrees) to the main surface direction of PLLA sheet 1. The orientation may
be at an angle of 5 to 10 degrees to the main surface direction, and what is essential is that the axes are relatively in
the thickness direction.
[0052] Next, after applying the strong electric field as described above, region 2 of PLLA sheet 1 is quenched and
PLLA molecules are immobilized.
[0053] The above-described process steps are repeated with the position of PLLA sheet 1 shifted such that a region
4 next to region 2 is subjected to the same process. In this manner, over a wide area of PLLA sheet 1, helix axes 3 come
to be oriented relatively in the thickness direction, whereby a piezoelectric sheet having high piezoelectric constant,
composed of PLLA sheet 1, is obtained.
[0054] As to the microwave to be applied, not a microwave of single frequency but a plurality of different types of
microwaves of different frequencies diplexed or mixed (modulated) is preferred, to include at least microwaves having
a frequency mainly suitable for heating, a frequency mainly suitable for shaking main chains and a frequency mainly
suitable for breaking molecular bonding to each other. Frequencies and intensities of microwaves may appropriately be
determined through experiments.
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[0055] It is noted here that region 2 should desirably be a microscopic region. That the region 2 is made larger means
the region to be heated is made larger. When the region to be heated is made larger, polymers contained in the region
tend to act on each other, leading to growth of crystal referred to as spherocrystal. Spherocrystal refers to crystal that
grows spherically in radially symmetric manner. Spherocrystal itself is nonpolar and, therefore, the above-described
orientation cannot be attained. Therefore, orientation operation of microscopic region not promoting generation of sphe-
rocrystal is necessary. Though a smaller region is better, from the viewpoint of practical application, assuming that the
region is circular, the area thereof is in the range of 0.01 to 1 mm2. The size may vary depending on the thickness and
molecular weight of PLLA sheet 1 and, if any additive is dispersed in PLLA sheet 1, depending on the type and size of
the additive.
[0056] As the method of heating microscopic region, heating with a laser spot may be possible. Such an approach,
however, has a problem that electrodes for applying strong electric field for realizing orientation of helix axes of PLLA
cannot be formed, or the electrodes hinder irradiation of a prescribed position with the laser spot. In contrast, heating
of microscopic region with microwaves described in the foregoing is very advantageous in that microwave irradiation
and application of DC electric field can be done simultaneously.
[0057] Fig. 2 is a block diagram showing an apparatus 10 for manufacturing the piezoelectric sheet in accordance
with an embodiment of the present invention. In manufacturing apparatus 10, prescribed process steps are executed
on a prepared PLLA sheet 1 to manufacture the piezoelectric sheet.
[0058] Microwaves for vibrating molecules of PLLA constituting PLLA sheet 1 are generated by signal generators 11
and 12. Though two signal generators 11 and 12 are used in the example of Fig. 2, the number of generators may
appropriately be changed in accordance with the number of different types of microwaves to be applied. The generated
microwaves are adapted to have a frequency mainly for heating PLLA, a frequency mainly for unraveling entangled
molecules, and a frequency mainly for breaking molecular bonding with each other (partial crystallization). These fre-
quencies vary depending on the molecular weight of PLLA as the material, blend ratio of D-form, crystallinity, degree of
orientation and the amount of filler. Therefore, optimal frequency and level of application may be determined by conducting
initial experiments for each base material to be used.
[0059] The ratio of input levels of microwaves having different frequencies is determined by output levels of signal
generators 11 and 12. A plurality of different types of microwaves having frequencies different from each other emitted
from signal generators 11 and 12 are mixed by a mixer 13 and, thereafter, transmitted to an amplifier 14.
[0060] Though mixer 13 is used in the example shown in Fig. 2 to mix a plurality of different types of microwaves
having frequencies different from each other, a diplexer may be used in place of mixer 13. Further, the number of signal
generators may be increased and a triplexer or quadplexer may be used.
[0061] The microwaves amplified by amplifier 14 pass through a circulator 15 and a bias tee 16, and reach a PLLA
heating unit 17. Circulator 15 is provided to prevent reflected power resulting from mismatch of PLLA heating unit 17
from returning to amplifier 14 to damage amplifier 14. The reflected power resulting from mismatch of PLLA heating unit
17 is branched by circulator 15, passes through a coupler 21 and reaches attenuator 22, where the power is consumed.
A power meter 23 is connected to coupler 21 to monitor the reflected power.
[0062] PLLA heating unit 17 is configured to prevent passage of DC current therethrough. PLLA heating unit 17 may
have a transmission line type configuration or a resonator included configuration. In Fig. 2, PLLA heating unit 17 is simply
depicted as a capacitor and, actually, a microwave equivalent circuit is formed. In any case, PLLA heating unit 17 has
a portion where a capacitor is formed with PLLA sheet 1 when viewed as a circuit, in a path through which electric power
passes, whereby passage of DC current is prevented. Details of PLLA heating unit 17 are shown in Fig. 3 and following
figures. Description with reference to Fig. 3 and following figures will be given later.
[0063] As described above, PLLA heating unit 17 has a portion where a capacitor is formed with PLLA sheet 1 when
viewed as a circuit, in a path through which electric power passes. When microwave passes through this portion, part
of the wave is converted to heat because of dielectric loss. Dielectric tangent (tan δ) of PLLA is 0.01 to 0.012 (for example,
see Japanese Patent Laying-Open No. 2002-358829) and in a capacitor using PLLA as a dielectric, heat inevitably
generates in accordance with tan δ. In addition, heat also generates by friction of electric dipoles.
[0064] The microwaves that have passed through PLLA heating unit 17 pass through bias tee 18 and thereafter through
a coupler 24 and reach an attenuator 25, where they are consumed. A power meter 26 is connected to coupler 24 to
monitor electric power passed therethrough.
[0065] By measuring passage loss from circulator 15 to attenuator 25 in advance, and by subtracting from output
electric power the reflected power monitored by power meter 23, passage electric power monitored by power meter 26
and the passage loss measured in advance, the electric power consumed by PLLA heating unit 17 can indirectly be
grasped. The electric power consumed by PLLA heating unit 17 represents energy converted to heat on PLLA sheet 1
and from this value, it is possible to roughly know to what temperature PLLA sheet 1 is heated. To be exact, the
temperature of PLLA sheet 1 may be directly measured using, for example, an infrared contact-free thermometer.
[0066] Melting point of PLLA is approximately at 170°C, and it has been confirmed through experiments that temperature
of approximately 140°C to 150°C is suitable for controlling orientation of molecules. The temperature, however, varies
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depending on the molecular weight of PLLA, additives, and processing of terminal group of molecules and, therefore, it
is selected appropriately for actually used PLLA sheet 1.
[0067] To bias tees 16 and 18, a high voltage DC power supply 20 and a switch 19 are connected. When PLLA sheet
1 is heated to a temperature suitable for orientation, switch 19 is turned on, to apply high voltage to PLLA sheet 1. At
least some of the dipoles shaken by the microwaves are oriented, by the electric field generated by the high voltage,
relatively in the thickness direction (the direction of the electric field). The magnitude and time of application of the voltage
also depend on the molecular weight, additives, and processing of terminal group of molecules and, therefore, it is
selected appropriately for actually used PLLA sheet 1.
[0068] The microwaves and the high voltage are applied for a prescribed time period and, simultaneously with stopping
the application, PLLA sheet 1 is subjected to forced quenching, so that the molecules are immobilized. It is not always
necessary, however, that the timing of cooling be immediately after the stop of application of microwaves and high
voltage. Application of microwaves and high voltage may be stopped after the start of cooling, or application of microwaves
may be stopped first, followed by the start of cooling and then application of high voltage may be stopped.
[0069] Next, PLLA heating unit 17 will be described.
[0070] Fig. 3 shows details of a PLLA processing unit 30 including PLLA heating unit 17, with PLLA heating unit 17
on the block diagram of Fig. 2 configured as a transmission line type unit. Here, (a) of Fig. 3 is a plan view of PLLA
processing unit 3, and (b) of Fig. 3 is a front view of PLLA processing unit 3. Further, (a) of Fig. 4 is a cross-sectional
view taken along line A-A of Fig. 3(b), and (b) of Fig. 4 is a cross-sectional view taken along line B-B of Fig. 3(a).
[0071] PLLA processing unit 30 has a housing 31, and holes 33 and 34 for inserting PLLA sheet 1 are formed in
housing 31. As is well shown in Fig. 4(b), holes 33 and 34 are formed to pass through upper and lower walls of housing
31. PLLA sheet 1 is inserted through holes 33 and 34 and processed in this state.
[0072] On housing 31, a pair of guide rollers 32a and 32b and a pair of guide rollers 32c and 32d are provided, and
PLLA sheet 1 is held by these guide rollers 32a to 32d. By rotating guide rollers 32a to 32d, PLLA sheet 1 can be moved
in up/down directions of Figs. 3(b) and 4(b). Arrows around guide rollers 32a to 32d and an arrow above PLLA sheet 1
shown in Fig. 4(b) represent an example of the direction of rotation of guide rollers 32a to 32d and direction of movement
of PLLA sheet 1. Driving unit for driving guide rollers 32a to 32d is not shown.
[0073] Housing 31 is formed of metal and configured as an outer conductor of coaxial line, while forming a cavity
inside. Preferable metal used for forming housing 31 may include copper, aluminum, brass, iron and stainless steel and,
such metal may be plated as needed. When iron or stainless steel is used, since it has low electric conductivity, copper
plating or silver plating is preferred in consideration of transmission loss.
[0074] In the cavity of housing 31, inner conductors 35a and 35b as inner conductors (central conductors) of coaxial
line are arranged, held by insulators 37a and 37b. In Fig. 4, cross-sections of inner conductors 35a and 35b are not
shown. Insulators 37a and 37b are formed of resin having low dielectric constant and, particularly, polytetrafluoroethylene
is a preferred material.
[0075] Inner conductors 35a and 35b have tip ends 38a and 38b opposed to each other, respectively, and tip ends
38a and 38b are made wider than other portions as can be well seen from Fig. 4(a). On tip ends 38a and 38b having
the widened shape, a plurality of pin conductors 36a and 36b as conductors for applying high voltage are provided to
form pairs with each other without leaving any unpaired conductor.
[0076] The coaxial line implemented by housing 31 and inner conductors 35a and 35b is formed to have characteristic
impedance of 50Ω except for the portion where the cavity is made larger at the central portion in the axial direction, to
facilitate matching with a high frequency device. Further, the cavity in housing 31 is enlarged in tapered manner at the
central portion along the axial direction, and inner conductors 35a and 35b also have tip ends 38a and 38b widened in
a tapered manner corresponding to the taper of the cavity. Because of this structure, smooth impedance conversion is
possible, and power reflection caused by impedance mismatch is minimized.
[0077] As described above, PLLA processing unit 30 is formed as a transmission line type unit and, therefore, it can
be applied to a very wide range of frequencies, and design and manufacturing are relatively easy.
[0078] Each of pin conductors 36a and each of pin conductors 36b are positioned to be opposite to and aligned on
the same axial line with each other. PLLA sheet 1 is pinched by pin conductors 36a and 36b opposite to each other.
Between each pair of opposite pin conductors 36a and 36b, a small capacitor is formed. The diameter of each of pin
conductors 36a and 36b is about 0.1 mm to about 1 mm, and the space between adjacent ones of pin conductors 36a
and 36b is set to be at least the radius of each of pin conductors 36a and 36b. The number of pin conductors 36a and
36b may be appropriately selected. The diameter of each of pin conductors 36a and 36b should preferably be small,
since it must be small enough to prevent formation of spherocrystal in PLLA sheet 1.
[0079] Though an example has been shown in which pin conductors 36a and 36b pinching PLLA sheet 1 form pairs
on opposite sides of PLLA sheet 1, the conductors may be formed as pin conductors on one side and as a planar
conductor on the other side. Such a configuration will be described as an example with reference to a PLLA processing
unit 50.
[0080] Pin conductors 36a and 36b forming pairs as shown in Fig. 4 are suitable for heating smaller regions of PLLA
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sheet 1, while a configuration having pin conductors on one side and a planar conductor on the other side is advantageous
in that assembly of the apparatus is very simple.
[0081] Inner conductors 35a and 35b and pin conductors 36a and 36b are formed of metal, as is housing 31. Suitable
metal used here may include copper, aluminum, brass, iron, stainless steel, invar and 42 alloy and, such metal may be
plated as needed. When iron, stainless steel, invar or 42 alloy is used, since it has low electric conductivity, copper
plating or silver plating is preferred in consideration of transmission loss.
[0082] While PLLA sheet 1 is heated by transmission of microwaves, the heat of PLLA sheet 1 escapes if inner
conductors 35a and 35b and pin conductors 36a and 36b have high thermal conductivity. Therefore, inner conductors
35a and 35b and pin conductors 36a and 36b should preferably be formed using a material having relatively low thermal
conductivity such as iron, stainless steel, invar or 42 alloy. Particularly, pin conductors 36a and 36b should preferably
be formed of invar or 42 alloy, additionally considering thermal expansion.
[0083] Preferable arrangement of pin conductors 36a and 36b will be described later with reference to Figs. 10 to 13.
[0084] As described above, while PLLA sheet 1 is pinched between pin conductors 36a and 36b, microwaves are
input to locally heat PLLA sheet 1, to have helix axes of at least some of the PLLA molecules oriented relatively in the
thickness direction, and thereafter, the sheet is quenched to have PLLA molecules immobilized.
[0085] At the time of quenching, by way of example, a cooling gas is introduced to the inner cavity of housing 31.
Though a passage for introducing cooling gas is not shown in Figs. 3 and 4, it is preferred to provide a passage through
which cooling gas flows inside inner conductors 35a and 35b and, at the time of quenching, to have the cooling gas
emitted from outlets provided near pin conductors 36a and 36b directly to PLLA sheet 1. Specific example of the con-
figuration for cooling will be described with reference to Fig. 5 later.
[0086] Inner conductors 35a and 35b are movable in directions indicated by arrows 39 and 40 in Fig. 4(a), respectively.
After the end of processing, inner conductors 35a and 35b are moved to release pinching of PLLA sheet 1, and then,
guide rollers 32a to 32d are rotated to move PLLA sheet 1 by a prescribed distance. After moving PLLA sheet 1, inner
conductors 35a and 35b are again moved, to pinch PLLA sheet 1 between pin conductors 36a and 36b, and the above-
described process steps of microwave heating, high voltage application and quenching are executed. By repeating such
operations, a PLLA sheet 1 having high piezoelectric constant, in which helix axes are oriented relatively in the thickness
direction over a wide range, can be obtained.
[0087] Next, referring to Fig. 5, a configuration suitable for cooling PLLA sheet 1 will be described. Fig. 5 shows, in a
cross-section, one inner conductor 35a shown in Fig. 4, and one end of transmission line portion including housing 31
and inner conductors 35a and 35b, which are not shown in Fig. 4.
[0088] Referring to Fig. 5, inner conductor 35a is formed to have an inner cavity, and on an end surface of tip end 38a
where pin conductors 36a are provided, a plurality of outlets 41 are formed near each position of pin conductor 36a.
Current caused by microwaves flow through a surface layer of inner conductor 35a because of skin effect and, therefore,
the inner cavity of inner conductor 35a does not have any influence on the transmission current of microwaves. Inner
conductor 35a is connected to another inner conductor 42 to transmit without reflection the electric power transmitted
from inner conductor 42. A coaxial line, on which inner conductor 42 is positioned, is also adapted to have characteristic
impedance of 50 Ω.
[0089] To the other end of inner conductor 35a, a tube 43 formed, for example, of polytetrafluoroethylene is inserted.
Cooling gas is introduced to tube 43 from the direction of an arrow 44, and blown out in the direction of an arrow 45
through outlet 41, so as to cool pin conductors 36a and PLLA sheet 1 (not shown in Fig. 5). HCFC (-134a) or LPG may
be suitably used as the cooling gas. In place of the cooling gas, a liquid may be used. Liquid nitrogen may suitably be
used as the liquid. In that case, preferably, liquid nitrogen is sprayed from outlets 41.
[0090] The configuration for cooling such as described above may be provided only on the side of inner conductor
35a or only on the other inner conductor 35b, or may be provided both on inner conductors 35a and 35b.
[0091] By the configuration for cooling described above, PLLA sheet 1 can be cooled with high efficiency, and cooling
gas or liquid can be used without waste.
[0092] Next, PLLA heating unit 17 of a type different from the transmission line type will be described.
[0093] Fig. 6 shows details of PLLA processing unit 50 including PLLA heating unit 17, with PLLA heating unit on the
block diagram of Fig. 2 configured as a resonator included unit. Here, (a) of Fig. 6 is a front view of PLLA processing
unit 50 and (b) of Fig. 6 is a cross-sectional view of PLLA processing unit 50. Fig. 7 includes (a) a cross-sectional view
taken along line B-B of Fig. 6(b) and (b) a cross-sectional view taken along line A-A of Fig. 6(a).
[0094] PLLA processing unit 50 has a housing 51, and holes 55a and 55b for inserting PLLA sheet 1 are formed in
housing 51. As shown in (a) of Fig. 7, in a wall opposite to the wall having hole 55a formed therein, a hole similar to hole
55a is formed. Though not shown, in a wall opposite to the wall having hole 55b formed therein, a hole similar to hole
55b is formed. As can be well seen from (a) of Fig. 7, PLLA sheets 1 are arranged to be inserted through hole 55a and
the opposite hole and through hole 55b and the opposite hole. In Fig. 7, guide rollers corresponding to guide rollers 32a
to 32d provided in PLLA processing unit 30 shown in Figs. 3 and 4 described above are not shown.
[0095] Housing 51 is formed of a metal having high electric conductivity. Preferable metal used may include copper,
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aluminum, brass, iron and stainless steel and, such metal may be plated as needed. When iron or stainless steel is
used, since it has low electric conductivity, copper plating or silver plating is preferred in consideration of transmission loss.
[0096] Housing 51 has a function of shielding electromagnetic waves, and its inner cavity serves as a resonant cavity.
Basically, PLLA processing unit 50 constitutes a semiaxial cavity filter. Housing 51 functions as an outer conductor of
the semiaxial cavity filter. The example shown in Figs. 6 and 7 forms a two-stage band-pass filter.
[0097] On the outside of housing 51, connectors 52a and 52b are provided as input/output units for supplying electric
power to the filter. Since such a band-pass filter basically has a symmetrical shape, either of connecters 52a and 52b
may be used as an input or output. For convenience, here, description will be given assuming that connector 52a is the
input side and connector 52b is the output side.
[0098] To a central conductor of connector 52a, one end of an input lead 56a formed of a metal line is connected. The
other end of input lead 56a is connected to a central conductor 57a. On one end of central conductor 57a, a plurality of
pin conductors 58a are provided. A base electrode 60a providing a planar conductor is arranged to oppose to the tip
ends of pin conductors 58a. Between tip ends of pin conductors 58a and base electrode 60a, there is a small space, in
which PLLA sheet 1 is held. At this portion, an equivalent circuit of a capacitor is formed. The other end of central
conductor 57a is spaced by a prescribed distance from and opposes to tip end of a frequency adjustment screw 53a.
[0099] Though not described in detail, as can be seen from (b) of Fig. 7, an output lead 56b, a central conductor 57b,
pin conductors 58b, a base electrode 60b and frequency adjustment screw 53b provided in relation to connector 52b
are configured and arranged in the similar manner as output lead 56a, central conductor 57a, pin conductors 58a, base
electrode 60a and frequency adjustment screw 53a provided in relation to connecter 52a described above.
[0100] A joint adjustment screw 54 is inserted near the mid-point of central conductors 57a and 57b.
[0101] In the configuration shown in the figure, PLLA sheet 1 is pinched between pin conductors 58a and base electrode
60a, or between pin conductors 58b and base electrode 60b. As in the case of PLLA processing unit 30 shown in Figs.
3 and 4, pin conductors may be arranged in place of base electrodes 60a and 60b, to be paired with each of pin conductors
58a and 58b.
[0102] In PLLA processing unit 50, by adjusting frequency adjustment screws 53a and 53b, input lead 56a and output
lead 56b, the filter can be adjusted to desired characteristics, within the range of original electric design.
[0103] Central conductors 57a and 57b, frequency adjustment screws 53a and 53b, joint adjustment screws 54, base
electrodes 56a and 56b, and pin conductors 58a and 58b are formed of metal. As in the case of housing 51, preferable
metal used here may include copper, aluminum, brass, iron and stainless steel and, such metal may be plated as needed.
When iron or stainless steel is used, since it has low electric conductivity, copper plating or silver plating is preferred in
consideration of transmission loss.
[0104] Though not shown, central conductors 57a and 57b are fixed on housing 51 by insulating material having low
dielectric constant. Polytetrafluoroethylene is a preferred material of low dielectric conductivity.
[0105] The configuration of pin conductors 58a and 58b are similar to that in PLLA processing unit 30 and, therefore,
description thereof will not be repeated.
[0106] On base electrodes 60a and 60b, a recessed portion (spot face) 61 opened outward is formed as shown in
Fig. 7(a), and a bottom wall 62 of recessed portion 61 is formed very thin. Specifically, thickness of bottom wall 62 is
preferably about 0.3 to about 0.8 mm. Base electrodes 60a and 60b are preferably formed of metal having high thermal
conductivity and, by way of example, aluminum or copper is preferably used.
[0107] PLLA sheet 1 pinched between pin conductors 58a and 58b and base electrodes 60a and 60b is heated by
the input of microwaves. As described above, to the heated PLLA sheet 1, high voltage is applied and, thereafter, the
sheet must be quenched. By directly blowing cooling gas to bottom wall 62 of recessed portion 61, bottom wall 62 can
be cooled instantaneously. Here, as bottom wall 62 is formed of metal having high thermal conductivity and is sufficiently
thin, PLLA sheet 1 is also cooled substantially simultaneously. The cooling gas is the same as that described above.
[0108] Since PLLA processing unit 50 has a resonator included configuration, electric field strength applied to PLLA
sheet 1 is significantly higher than in the transmission line type unit and, in a filter designed to have central frequency
of 2.4GHz, the electric field strength is 100 times higher than in the transmission line type unit.
[0109] Fig. 8 shows a result of finite element method simulation, using a simplified model of PLLA processing unit 50.
In Fig. 8, arrows represent electric field vectors, whose size indicates electric field intensity. It can be seen that very
large electric field vector exists at the position where PLLA sheet 1 is inserted. Therefore, by PLLA processing unit 50,
at the time of heating with microwaves, amplifier output can be made lower than in the transmission line type unit.
[0110] As described above, PLLA processing unit 50 shown in Figs. 6 and 7 form a two-stage band-pass filter. It may
be used as a single-stage band-pass filter using only one semiaxial resonator. In that case, the band-pass filter passes
only the frequencies near the pole including the resonant frequency and, therefore, it is for very narrow band and the
frequency to be input is limited. On the other hand, it is possible to increase the number of stages of the filter. It may be
implemented as a filter of two-stage to about 10 stages as needed. Though the number of stages is not limited, exper-
imentally, up to 10 stages is preferred, considering the time and effort necessary for fabrication. A filter having fractional
bandwidth of about 4% may be fabricated relatively easily, with about 4 to about 8 stages. Assuming that the central
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frequency of passband at this time is 2GHz, the filter will be a band-pass filter having bandwidth of 70 MHz and, hence,
an apparatus capable of simultaneously applying a plurality of frequencies can be obtained.
[0111] Fig. 9 shows an example in which the PLLA processing unit is formed as a four-stage band-pass. Fig. 9
corresponds to Fig. 7(b). In Fig. 9, components corresponding to those shown in Fig. 7(b) are denoted by the same
reference characters and description thereof will not be repeated. PLLA processing unit 50a shown in Fig. 9 includes
central conductors 57c and 57d in addition to central conductors 57a and 57b, and includes frequency adjustment screws
53c and 53d in addition to frequency adjustment screws 53a and 53b. Further, the unit includes three joint adjustment
screws 54a, 54b and 54c.
[0112] In PLLA processing unit 50a shown in Fig. 9, the microwave heating unit for PLLA sheet 1 can surely be provided
on the input stage or output stage or on both input and output stages. In a multi-stage band-pass filter, relatively large
energy is accumulated at the input/output stage and, therefore, electric field strength is high at these portions. Further,
since high voltage is applied through bias tees 16 and 18 (see Fig. 2), the high voltage can easily be applied at the
input/output stage directly connected by the conductors from the central conductor of transmission line (connector).
[0113] Though a comb-line type four stage semiaxial cavity filter has been described as an example here, it is generally
known that a filter of very wide band can be realized by utilizing an interdigital configuration.
[0114] Next, examples of preferable arrangement of pin conductors 36a and 36b shown in Fig. 4 will be described
with reference to Figs. 10 to 13. Figs. 10 to 13 show pin conductors 36a with an end surface at a tip end 38a of inner
conductor 35a viewed from the side of PLLA sheet 1. In these figures, outlets 41 shown in Fig. 5 described above are
not shown. Though pin conductors 36b on the other side are not shown and description will not be given, these are
arranged substantially in symmetry with pin conductors 36a shown in the figures.
[0115] First, referring to Fig. 10, a plurality of pin conductors 36a are arranged in a line, spaced apart from each other
by a prescribed distance.
[0116] In the example shown in Fig. 10, after the series of process steps (heating, application of high voltage and
quenching) for imparting piezoelectricity ends, the PLLA sheet is shifted in the up/down direction or left/right direction
by a prescribed distance and, in this state, the series of process steps for imparting piezoelectricity is executed again,
and such operations are repeated. Thus, the process for imparting piezoelectricity is done.
[0117] Next, in the example shown in Fig. 11, a plurality of pin conductors 36a are arranged in two lines, spaced apart
from each other by a prescribed distance. Pin conductors 36a of each line are positioned to correspond to the space
between each of the pin conductors 36a of the other line.
[0118] In the example shown in Fig. 11, after the series of process steps for imparting piezoelectricity ends, the PLLA
sheet is shifted upward (or downward) by distance d and, in this state, the series of process steps for imparting piezo-
electricity is executed again, and such operations are repeated. Thus, the process for imparting piezoelectricity is done
over a wide range of PLLA sheet.
[0119] Next, in the example shown in Fig. 12, a plurality of pin conductors 36a are arranged in four lines, spaced apart
from each other by a prescribed distance. Pin conductors 36a of each line are positioned to correspond to the space
between each of the pin conductors 36a of the next line.
[0120] In the example shown in Fig. 12, after the series of process steps for imparting piezoelectricity ends, the PLLA
sheet is shifted upward (or downward) by distance d and, in this state, the series of process steps for imparting piezo-
electricity is executed again. Thereafter, the PLLA sheet is shifted upward (or downward) by three times the distance d
and, in this state, the series of process steps for imparting piezoelectricity is executed again. Then, again, the PLLA
sheet is shifted upward (or downward) by the distance d and, in this state, the series of process steps for imparting
piezoelectricity is executed. Thereafter, shifting by three times the distance d and shifting by the distance d are executed
alternately while the operations as described above are repeated. Thus, the process for imparting piezoelectricity is
done over a wide range of PLLA sheet.
[0121] The example shown in Fig. 12 is the most advantageous, and the example shown in Fig. 11 is the second most
advantageous in that the process for imparting piezoelectricity can be executed collectively over a wider area.
[0122] The dimension of inner conductors 35a and 35b and the number of pin conductors 36a and 36b to be arranged
in the widthwise and lengthwise directions may be appropriately selected in accordance with design. Further, the cross
section of pin conductors 36a and 36b may not necessarily be circular. The cross section may be oval, elliptical, square
or polygonal.
[0123] Fig. 13 shows an example in which pin conductors 36a each have a square cross-section. The arrangement
of pin conductors 36a shown in Fig. 13 is substantially the same as that shown in Fig. 12. It is noted, however, that the
distance between adjacent pin conductors 36a is made equal to the length of one side of the square defining the cross
section of each pin conductor 36. In Fig. 13, for easier understanding of positions of pin conductors 36a, pin conductors
36a are hatched.
[0124] In the example shown in Fig. 13, to execute the process steps for imparting piezoelectricity of PLLA sheet,
operations similar to those described with reference to the example of Fig. 12 are executed. Different from the example
of Fig. 12, by the example shown in Fig. 13, a PLLA sheet having high piezoelectric constant and smaller unprocessed
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area can be obtained.
[0125] The preferred arrangements of pin conductors 36a and 36b described with reference to Figs. 10 to 13 may be
adopted for the arrangement of pin conductors 58a and 58b shown in Figs. 7 and 9.

REFERENCE SIGNS LIST

[0126]

1 PLLA sheet
2 helix axes of PLLA molecules
10 manufacturing apparatus
11, 12 signal generators
13 mixer
14 amplifier
16, 18 bias tees
17 PLLA heating unit
20 high voltage DC power supply
30, 50, 50a PLLA processing units
31, 51 housing
35a, 35b inner conductors
36a, 36b, 58a, 58b pin conductors
41 outlet
57a, 57b, 57c, 57d central conductors
60a, 60b base electrodes

Claims

1. A piezoelectric sheet (1) composed of polylactic acid, having helix axes (3) of at least some polylactic acid molecules
oriented relatively in a thickness direction, and dipoles in the direction of the helix axes of the polylactic acid molecules
not being cancelled out with each other to exhibit piezoelectricity resulting from a value of piezoelectric constant
d33 of between 100 pC/N and 500 pC/N, where the 3 axis is in the thickness direction.

2. A method of manufacturing a piezoelectric sheet (1), comprising the steps of:

preparing a polylactic acid sheet containing polylactic acid;
heating said polylactic acid sheet by applying microwaves via a microwave generator emitting at least two
different frequencies (11, 12); and
applying a high voltage in a thickness direction of said heated polylactic acid sheet (1), to orient the helix axes
(3) of at least some of polylactic molecules relatively to the thickness direction, to have piezoelectricity exhibited
in the thickness direction of said polylactic acid sheet.

3. The method of manufacturing a piezoelectric sheet (1) according to claim 2, further comprising the step of
quenching said polylactic acid sheet (1) after said step of applying high voltage.

4. The method of manufacturing a piezoelectric sheet (1) according to claim 2 or 3, wherein
said step of applying high voltage is executed simultaneously with at least part of said heating step.

5. An apparatus (10) for manufacturing a piezoelectric sheet (1), comprising:

a high voltage power supply (20);
conductors for applying high voltage (36a, 36b, 58a, 58b, 60a, 60b), forming a pair arranged to hold therebetween
a polylactic acid sheet (1) in thickness direction, for applying a high voltage supplied from said high voltage
power supply (10) in the thickness direction of the polylactic acid sheet to be processed;
a microwave generator for generating a microwave (11, 12); and
a coaxial line (35a, 35b, 31, 51) transmitting the microwave from said microwave generator; wherein
said conductors for applying high voltage (36a, 36b, 58a, 58b, 60a, 60b) are connected to an inner conductor
(35a, 35b) of said coaxial line, and adapted to generate heat by dielectric loss, when said microwave passes
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through a capacitor formed by said polylactic acid sheet (1) and said conductors for applying high voltage (36a,
36b, 58a, 58b, 60a, 60b) holding the sheet.

6. An apparatus (10) for manufacturing a piezoelectric sheet (1), comprising:

a high voltage power supply (20);
conductors for applying high voltage (36a, 36b, 58a, 58b, 60a, 60b), forming a pair arranged to hold therebetween
a polylactic acid sheet (1) in thickness direction, for applying a high voltage supplied from said high voltage
power supply (20) in the thickness direction of the polylactic acid sheet to be processed;
a microwave generator for generating a microwave (11, 12);
a coaxial line (35a, 35b, 31, 51) transmitting the microwave from said microwave generator; and
at least one stage of semiaxial cavity filter connected to said coaxial line; wherein
one of said conductors for applying high voltage (36a, 36b, 58a, 58b, 60a, 60b) is connected to a central
conductor (57a, 57b, 57c, 57d) of said semiaxial cavity filter,
the other one of said conductors for applying high voltage (36a, 36b, 58a, 58b, 60a, 60b) is connected to an
outer conductor (51) of said semiaxial cavity filter, and
said conductors for applying high voltage (36a, 36b, 58a, 58b, 60a, 60b) are adapted to generate heat by
dielectric loss, when said microwave passes through a capacitor formed by said polylactic acid sheet (1) and
said conductors for applying high voltage (36a, 36b, 58a, 58b, 60a, 60b).

7. The apparatus (10) for manufacturing a piezoelectric sheet (1) according to claim 6, wherein
one of said conductors for applying high voltage (36a, 36b, 58a, 58b, 60a, 60b) is implemented by a plurality of pin-
shaped conductors; and
the other of said conductors for applying high voltage (36a, 36b, 58a, 58b, 60a, 60b) is implemented by a planar
conductor.

8. The apparatus (10) for manufacturing a piezoelectric sheet (1) according to claim 6 or 7, wherein
one and the other of said conductors for applying high voltage (36a, 36b, 58a, 58b, 60a, 60b) are implemented by
a plurality of pin-shaped conductors, and said plurality of pin-shaped conductors form pairs with each other without
leaving any unpaired conductor.

9. The apparatus (10) for manufacturing a piezoelectric sheet (1) according to any of claims 5 to 8, wherein
a plurality of different types of microwaves having frequencies different from each other are generated by said
microwave generator (11, 12).

10. The apparatus (10) for manufacturing a piezoelectric sheet (1) according to claim 9, wherein
said plurality of different types of microwaves include at least a microwave having a frequency mainly effective for
heating, a microwave having a frequency mainly suitable for shaking main chain of polylactic acid, and a microwave
having a frequency mainly suitable for braking bonding portion bonding polylactic acid molecules with each other.

11. The apparatus (10) for manufacturing a piezoelectric sheet (1) according to claim 7 or 8, wherein
said conductor for applying high voltage (36a, 36b, 58a, 58b, 60a, 60b) is implemented by a plurality of pin-shaped
conductors arranged to form a plurality of lines, each of said conductors of each line is positioned corresponding to
a space formed between each of said conductors of an adjacent line.

12. The apparatus (10) for manufacturing a piezoelectric sheet (1) according to claim 11, wherein
said conductor (36a, 36b, 58a, 58b, 60a, 60b) has a square cross section, and the space between adjacent said
conductors is made equal to length of one side of the square defining the cross section of each conductor.

13. The apparatus (10) for manufacturing a piezoelectric sheet (1) according to any of claims 5 to 12, further comprising
an outlet of cooling fluid (41), provided close to said conductor for applying high voltage (36a, 36b, 58a, 58b, 60a,
60b), for quenching said polylactic acid sheet (1).

Patentansprüche

1. Piezoelektrische Folie (1) bestehend aus Polymilchsäure mit Helixachsen (3) von wenigstens einigen relativ in einer
Dickenrichtung orientierten Polymilchmolekülen, wobei Dipole in der Richtung der Helixachsen der Polymilchsäu-
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remoleküle einander nicht löschen, so dass sie Piezoelektrizität aufweisen, die von einem Wert einer piezoelektri-
schen Konstante d33 zwischen 100 pC/N und 500 pC/N resultiert, wobei die 3 Achse in der Dickenrichtung ist.

2. Verfahren zur Herstellung einer piezoelektrischen Folie (3), das die folgenden Schritte beinhaltet:

Herstellen einer Polymilchsäure enthaltenden Polymilchsäurefolie;
Erhitzen der genannten Polymilchsäurefolie durch Applizieren von Mikrowellen über einen Mikrowellengene-
rator, der wenigstens zwei unterschiedliche Frequenzen (11, 12) emittiert; und
Anlegen einer hohen Spannung in einer Dickenrichtung der genannten erhitzten Polymilchsäurefolie (1), um
die Helixachsen (3) von wenigstens einigen der Polymilchsäuremoleküle relativ zur Dickenrichtung zu orientie-
ren, so dass sie Piezoelektrizität in der Dickenrichtung der genannten Polymilchsäurefolie aufweisen.

3. Verfahren zur Herstellung einer piezoelektrischen Folie (1) nach Anspruch 2, das ferner den Schritt des Quenchens
der genannten Polymilchsäurefolie (1) nach dem genannten Schritt des Anlegens von hoher Spannung beinhaltet.

4. Verfahren zur Herstellung einer piezoelektrischen Folie (1) nach Anspruch 2 oder 3, wobei der genannte Schritt des
Anlegens einer hohen Spannung gleichzeitig mit wenigstens einem Teil des genannten Erhitzungsschritts ausgeführt
wird.

5. Vorrichtung (10) zur Herstellung einer piezoelektrischen Folie (1), die Folgendes umfasst:

eine Hochspannungsstromversorgung (20);
Leiter zum Anlegen einer hohen Spannung (36a, 36b, 58a, 58b, 60a, 60b), unter Bildung eines Paares, ausgelegt
zum Halten einer Polymilchsäurefolie (1) in Dickenrichtung dazwischen, zum Anlegen einer von der genannten
Hochspannungsstromversorgung (10) zugeführten hohen Spannung in der Dickenrichtung der zu verarbeiten-
den Milchsäurefolie;
einen Mikrowellengenerator zum Erzeugen einer Mikrowelle (11, 12); und
eine Koaxialleitung (35a, 35b, 31, 51), die die Mikrowellen von dem genannten Mikrowellengenerator überträgt;
wobei
die genannten Leiter zum Anlegen einer hohen Spannung (36a, 36b, 58a, 58b, 60a, 60b) mit einem Innenleiter
(35a, 35b) der genannten Koaxialleitung verbunden sind, und ausgelegt zum Erzeugen von Wärme durch
dielektrischen Verlust, wobei die genannte Mikrowelle durch einen Kondensator passiert, der von der genannten
Polymilchsäurefolie (1) und den genannten, die Folie haltenden Leitern zum Anlegen einer hohen Spannung
(36a, 36b, 58a, 58b, 60a, 60b) gebildet wird.

6. Vorrichtung (10) zur Herstellung einer piezoelektrischen Folie (1), die Folgendes umfasst:

eine Hochspannungsstromversorgung (20);
Leiter zum Anlegen einer hohen Spannung (36a, 36b, 58a, 58b, 60a, 60b) unter Bildung eines Paares, ausgelegt
zum Halten einer Polymilchsäurefolie (1) in Dickenrichtung dazwischen, zum Anlegen einer von der genannten
Hochspannungsstromversorgung (20) zugeführten hohen Spannung in der Dickenrichtung der zu verarbeiten-
den Polymilchsäurefolie;
einen Mikrowellengenerator zum Erzeugen einer Mikrowelle (11, 12);
eine Koaxialleitung (35a, 35b, 31, 51) zum Übertragen der Mikrowellen von dem genannten Mikrowellengene-
rator; und
wenigstens eine halbaxiale Hohlraumfilterstufe, die mit der genannten Koaxialleitung verbunden ist; wobei
einer der genannten Leiter zum Anlegen einer hohen Spannung (36a, 36b, 58a, 58b, 60a, 60b) mit einem
zentralen Leiter (57a, 57b, 57c, 57d) des genannten halbaxialen Hohlraumfilters verbunden ist,
der andere der genannten Leiter zum Anlegen einer hohen Spannung (36a, 36b, 58a, 58b, 60a, 60b) mit einem
Außenleiter (51) des genannten halbaxialen Hohlraumfilters verbunden ist, und
die genannten Leiter zum Anlegen einer hohen Spannung (36a, 36b, 58a, 58b, 60a, 60b) zum Erzeugen von
Wärme durch dielektrischen Verlust ausgelegt sind, wenn die genannte Mikrowelle durch einen durch die ge-
nannte Polymilchsäurefolie (1) und die genannten Leiter zum Anlegen einer hohen Spannung (36a, 36b, 58a,
58b, 60a, 60b) gebildeten Kondensator passiert.

7. Vorrichtung (10) zur Herstellung einer piezoelektrischen Folie (1) nach Anspruch 6, wobei
einer der genannten Leiter zum Anlegen einer hohen Spannung (36a, 36b, 58a, 58b, 60a, 60b) durch mehrere
pinförmige Leiter implementiert wird; und
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der andere der genannten Leiter zum Anlegen einer hohen Spannung (36a, 36b, 58a, 58b, 60a, 60b) durch einen
planaren Leiter implementiert wird.

8. Vorrichtung (10) zur Herstellung einer piezoelektrischen Folie (1) nach Anspruch 6 oder 7, wobei
einer und der andere der genannten Leiter zum Anlegen einer hohen Spannung (36a, 36b, 58a, 58b, 60a, 60b)
durch mehrere pinförmige Leiter implementiert werden und die genannten mehreren pinförmigen Leiter Paare mit-
einander bilden, ohne einen unpaarigen Leiter zu hinterlassen.

9. Vorrichtung (10) zur Herstellung einer piezoelektrischen Folie (1) nach einem der Ansprüche 5 bis 8, wobei
mehrere unterschiedliche Mikrowellentypen mit Frequenzen, die sich voneinander unterscheiden, von dem genann-
ten Mikrowellengenerator (11, 12) erzeugt werden.

10. Vorrichtung (10) zur Herstellung einer piezoelektrischen Folie (1) nach Anspruch 9, wobei
die genannten mehreren unterschiedlichen Mikrowellentypen wenigstens eine Mikrowelle mit einer hauptsächlich
zum Erhitzen wirksamen Frequenz, eine Mikrowelle mit einer Frequenz, die hauptsächlich zum Schütteln der Haupt-
kette von Polymilchsäure geeignet ist, und eine Mikrowelle mit einer Frequenz beinhalten, die hauptsächlich zum
Aufbrechen des Bindungsteils geeignet ist, der Polymilchsäuremoleküle aneinander bindet.

11. Vorrichtung (10) zur Herstellung einer piezoelektrischen Folie (1) nach Anspruch 7 oder 8, wobei
der genannte Leiter zum Anlegen einer hohen Spannung (36a, 36b, 58a, 58b, 60a, 60b) durch mehrere pinförmige
Leiter implementiert wird, die zum Bilden von mehreren Leitungen angeordnet sind, wobei jeder der genannten
Leiter jeder Leitung entsprechend einem Raum positioniert ist, der zwischen jedem der genannten Leiter einer
benachbarten Leitung gebildet wird.

12. Vorrichtung (10) zur Herstellung einer piezoelektrischen Folie (1) nach Anspruch 11, wobei
der genannte Leiter (36a, 36b, 58a, 58b, 60a, 60b) einen quadratischen Querschnitt hat und der Raum zwischen
benachbarten genannten Leitern gleich der Länge von einer Seite des Quadrats gemacht wird, das den Querschnitt
jedes Leiters definiert.

13. Vorrichtung (10) zur Herstellung einer piezoelektrischen Folie (1) nach einem der Ansprüche 5 bis 12, die ferner
Folgendes umfasst:

einen Auslass für Kühlfluid (41), der nahe an dem genannten Leiter zum Anlegen einer hohen Spannung (36a,
36b, 58a, 58b, 60a, 60b) zum Quenchen der genannten Polymilchsäurefolie (1) vorgesehen ist.

Revendications

1. Feuille piézoélectrique (1) composée d’acide polylactique, ayant des axes hélicoïdaux (3) d’au moins certaines
molécules d’acide polylactique orientés relativement dans un sens d’épaisseur, et des dipôles dans le sens des
axes hélicoïdaux des molécules d’acide polylactique ne s’annulant pas les uns les autres pour présenter une pié-
zoélectricité résultant d’une valeur de constante piézoélectrique d33 d’entre 100 pC/N et 500 pC/N, où l’axe 3 est
dans le sens de l’épaisseur.

2. Procédé de fabrication d’une feuille piézoélectrique (1), comprenant les étapes consistant à :

préparer une feuille d’acide polylactique contenant de l’acide polylactique ;
chauffer ladite feuille d’acide polylactique en appliquant des microondes au moyen d’un générateur de micro-
ondes émettant au moins deux fréquences différentes (11, 12) ; et
appliquer une haute tension dans un sens d’épaisseur de ladite feuille d’acide polylactique (1) chauffée, pour
orienter les axes hélicoïdaux (3) d’au moins certaines des molécules polylactiques relativement au sens de
l’épaisseur, afin d’avoir une piézoélectricité dans le sens de l’épaisseur de ladite feuille d’acide polylactique.

3. Procédé de fabrication d’une feuille piézoélectrique (1) selon la revendication 2, comprenant en outre l’étape con-
sistant à tremper ladite feuille d’acide polylactique (1) après ladite étape d’application d’une haute tension.

4. Procédé de fabrication d’une feuille piézoélectrique (1) selon la revendication 2 ou 3, dans lequel ladite étape
d’application d’une haute tension est exécutée simultanément à au moins une partie de ladite étape de chauffage.
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5. Appareil (10) de fabrication d’une feuille piézoélectrique (1), comprenant :

une alimentation électrique haute tension (20)
des conducteurs pour appliquer une haute tension (36a, 36b, 58a, 58b, 60a, 60b), formant une paire agencée
pour maintenir entre eux une feuille d’acide polylactique (1) dans un sens d’épaisseur, pour appliquer une haute
tension fournie par ladite alimentation électrique haute tension (10) dans le sens de l’épaisseur de la feuille
d’acide polylactique à traiter ;
un générateur de micro-ondes pour générer une micro-onde (11, 12) ; et
une ligne coaxiale (35a, 35b, 31, 51) qui transmet la micro-onde provenant dudit générateur de micro-ondes ;
dans lequel
lesdits conducteurs pour appliquer une haute tension (36a, 36b, 58a, 58b, 60a, 60b) sont connectés à un
conducteur interne (35a, 35b) de ladite ligne coaxiale, et adaptés pour générer de la chaleur par perte diélec-
trique, quand ladite micro-onde traverse un condensateur formé par ladite feuille d’acide polylactique (1) et
lesdits conducteurs pour appliquer une haute tension (36a, 36b, 58a, 58b, 60a, 60b) qui maintiennent la feuille.

6. Appareil (10) de fabrication d’une feuille piézoélectrique (1), comprenant :

une alimentation électrique haute tension (20) ;
des conducteurs pour appliquer une haute tension (36a, 36b, 58a, 58b, 60a, 60b), formant une paire agencée
pour maintenir entre eux une feuille d’acide polylactique (1) dans un sens d’épaisseur, pour appliquer une haute
tension fournie par ladite alimentation électrique haute tension (10) dans le sens de l’épaisseur de la feuille
d’acide polylactique à traiter ;
un générateur de micro-ondes pour générer une micro-onde (11, 12) ;
une ligne coaxiale (35a, 35b, 31, 51) qui transmet la micro-onde provenant dudit générateur de micro-ondes ; et
au moins un étage d’une filtre à cavité semi-axiale connecté à ladite ligne coaxiale ; dans lequel
l’un desdits conducteurs pour appliquer une haute tension (36a, 36b, 58a, 58b, 60a, 60b) est connecté à un
conducteur central (57a, 57b, 57c, 57d) dudit filtre à cavité semi-axiale, l’autre desdits conducteurs pour appliquer
une haute tension (36a, 36b, 58a, 58b, 60a, 60b) est connecté à un conducteur externe (51) dudit filtre à cavité
semi-axiale, et
lesdits conducteurs pour appliquer une haute tension (36a, 36b, 58a, 58b, 60a, 60b) sont adaptés pour générer
de la chaleur par perte diélectrique, quand ladite micro-onde traverse un condensateur formé par ladite feuille
d’acide polylactique (1) et lesdits conducteurs pour appliquer une haute tension (36a, 36b, 58a, 58b, 60a, 60b).

7. Appareil (10) de fabrication d’une feuille piézoélectrique (1) selon la revendication 6, dans lequel
l’un desdits conducteurs pour appliquer une haute tension (36a, 36b, 58a, 58b, 60a, 60b) est mis en oeuvre par
une pluralité de conducteurs en forme de broches ; et
l’autre desdits conducteurs pour appliquer une haute tension (36a, 36b, 58a, 58b, 60a, 60b) est mis en oeuvre par
un conducteur planaire.

8. Appareil (10) de fabrication d’une feuille piézoélectrique (1) selon la revendication 6 ou 7, dans lequel l’un et l’autre
desdits conducteurs pour appliquer une haute tension (36a, 36b, 58a, 58b, 60a, 60b) sont mis en oeuvre par une
pluralité de conducteurs en forme de broches, et les conducteurs de ladite pluralité de conducteurs en forme de
broches forment des paires sans laisser de conducteur non pairé.

9. Appareil (10) de fabrication d’une feuille piézoélectrique selon l’une quelconque des revendications 5 à 8, dans
lequel une pluralité de différents types de micro-ondes ayant des fréquences différentes les unes des autres est
générée par ledit générateur de micro-ondes (11, 12).

10. Appareil (10) de fabrication d’une feuille piézoélectrique (1) selon la revendication 9, dans lequel
ladite pluralité de différents types de micro-ondes comporte au moins une micro-onde ayant une fréquence princi-
palement efficace pour chauffer, une micro-onde ayant une fréquence convenant essentiellement à secouer la
chaîne principale d’acide polylactique, et une micro-onde ayant une fréquence convenant essentiellement à freiner
la partie de liaison qui lie les molécules d’acide polylactique les unes aux autres.

11. Appareil (10) de fabrication d’une feuille piézoélectrique (1) selon la revendication 7 ou 8, dans lequel
ledit conducteur pour appliquer une haute tension (36a, 36b, 58a, 58b, 60a, 60b) est mis en ouvre par une pluralité
de conducteurs en forme de broches agencée pour former une pluralité de lignes, chacun desdits conducteurs de
chaque ligne étant positionné pour correspondre à un espace formé entre chacun desdits conducteurs d’une ligne
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adjacente.

12. Appareil (10) de fabrication d’une feuille piézoélectrique (1) selon la revendication 11, dans lequel
ledit conducteur (36a, 36b, 58a, 58b, 60a, 60b) a une coupe transversale carrée, et l’espace entre lesdits conducteurs
adjacents est choisi égal à la longueur d’un côté du carré définissant la coupe transversale de chaque conducteur.

13. Appareil (10) de fabrication d’une feuille piézoélectrique selon l’une quelconque des revendications 5 à 12, com-
prenant en outre
une sortie de fluide de refroidissement (41), fournie à proximité desdits conducteurs pour appliquer une haute tension
(36a, 36b, 58a, 58b, 60a, 60b), afin de tremper ladite feuille d’acide polylactique (1).
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