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Abstract: The growing demand for thinner, lighter, and more energy-efficient electronic systems has driven the development of

acoustic technologies toward compact and flexible sound generation platforms. Despite significant progress, conventional elec-

tromagnetic speakers remain limited by bulky structures, energy losses, and poor compatibility with modern ultrathin devices.

In this review, recent advancements in piezoelectric acoustic systems are presented, demonstrating a new generation of speakers

capable of producing high-fidelity sound from ultra-slim, lightweight, and mechanically compliant designs. Through refined

structural configurations and efficient electromechanical coupling, these piezoelectric exciters achieve strong acoustic output,

fast response, and wide frequency operation while drastically reducing component thickness. These exciters also show their

suitability for seamless integration into flexible displays, wearable devices, and automotive panels, offering enhanced spatial

audio practicality and multifunctional operation, including demonstrative output and sensing. This advancement marks a step

toward the convergence of acoustic, haptic, and interactive technologies, for the realization of sustainable and immersive human-

machine interfaces in future electronic and automotive systems.

Keywords: Piezoelectric, Speakers, Multilayers, Ceramics, Flexible, Display, Automobiles

1.INTRODUCTION

The growing demand for compact, lightweight, and energy-
efficient acoustic components has catalyzed rapid progress in
piezoelectric speaker (thin-exciter) technologies [1,2]. These
solid-state devices, which convert electrical energy directly
into mechanical vibrations, represent a paradigm shift in how
sound can be generated and integrated into modern electronic
systems [3]. In contrast to conventional voice-coil speakers,

which rely on magnetic induction and require bulky coils,
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magnets, and diaphragms, piezoelectric exciters leverage the
converse piezoelectric effect, a direct mechanical response to
an applied electric field, to produce sound [4]. The piezoelec-
trics with planar geometry, low power consumption, and
miniaturization potential make them especially attractive for
ultra-thin displays, portable electronics, and next-generation
automotive interiors [5,6].

In recent years, the field has moved beyond traditional sin-
gle-layer piezoelectric buzzers toward thin and multilayer
piezoelectric ceramic speakers, which integrate high-perfor-
mance piezoelectric materials with advanced structural
designs [6-8]. Thin piezoelectric ceramic exciters typically
employ a ceramic layer directly bonded to a vibrating dia-
phragm [6-8]. When an alternating voltage is applied, the in-
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plane strain of the piezoelectric layer translates into out-of-plane
diaphragm motion, creating acoustic pressure waves [6-8].

In parallel, multilayer piezoelectric ceramic speakers, con-
structed by stacking multiple thin piezoelectric layers
separated by internal electrodes, have emerged as a superior
architecture for low-voltage and high-output applications [9-
12]. The multilayer configuration enhances the effective elec-
tric field and mechanical displacement at significantly reduced
driving voltages, often below 20 V, while maintaining high-
frequency response and structural integrity [11]. By integrat-
ing such multilayer actuators (MLAs) with flexible polymer
diaphragms, designers can achieve hybrid devices that com-
bine the electromechanical strength of ceramics with the
acoustic compliance of polymers. This configuration enables
precise control of vibration modes, improved acoustic effi-
ciency, and wideband sound reproduction suitable for ultrathin
TVs, transparent OLED displays, and automotive panels.

In the broader context of automotive and display system in-
tegration, the significance of piezoelectric exciters extends
beyond their acoustic performance [11,13,14]. The low thick-
ness, volume, and solid-state actuation allow direct embedding
into structural components, such as vehicle dashboards, touch
panels, or display glass, enabling sound to emanate from sur-
faces themselves. This functional convergence between
materials and system-level design will enable us to display-
integrated audio, interior acoustic personalization, and haptic-
acoustic hybrid devices.

The purpose of this review is to provide a comprehensive
overview of the scientific principles underlying piezoelectric
speaker (thin exciter) technology and its system-level applica-
tions. We first discuss working mechanisms of both single and
multilayer piezoelectric speaker architectures, then discuss the
pros and cons of the piezoelectric speaker technology. Com-
parative analyses with traditional voice-coil speakers are
presented to highlight unique advantages and engineering
challenges. Finally, we will briefly discuss the benefits of ap-
plying piezoelectric speakers to future displays and automo-
tive systems.

2. WORKING PRINCIPLES OF VOICE-COIL
AND PIEZOELECTRIC SPEAKERS

The operation of acoustic transducers fundamentally relies

on the conversion of electrical energy into mechanical vibra-
tion and, ultimately, into audible sound waves. While both
voice-coil speakers and piezoelectric exciters perform this en-
ergy transformation, their mechanisms of actuation, structural
design, and energy efficiency differ substantially. Understand-
ing these distinctions provides critical insight into why
piezoelectric exciters are increasingly considered for ultrathin
and integrated acoustic systems.

2.1 Conventional Voice-Coil Speaker

As illustrated in Fig. 1(a), the voice-coil speaker is the most
prevalent type in commercial audio systems that operate based
on electromagnetic induction. The device consists of a light-
weight diaphragm (or cone) attached to a voice coil, which is
positioned within the magnetic field generated by a fixed per-
manent magnet. When an alternating voltage signal from an
audio source is applied to the coil, an alternating current flows
through it [4,15,16].

According to Lorentz’s law, this current interacts with the
magnetic field, producing a time-varying electromagnetic
force on the coil. This electromagnetic force interacts with the
magnetic field of the fixed permanent magnet, causing the me-
chanically connected coil and diaphragm to vibrate back and
forth in response to this alternating force. The coil and dia-
phragm, being mechanically connected, oscillate back and
forth in response to this alternating force. The diaphragm’s vi-
bration compresses and rarefies the surrounding air,
generating longitudinal sound waves corresponding to the in-
put electrical signal [15,16].

Voice-coil speakers are capable of producing wide fre-
quency ranges and high sound pressure levels (SPL), making
them the dominant choice in consumer and professional audio
systems. However, their design inherently requires a magnet
assembly, a suspended coil, and significant moving mass.
These features limit their miniaturization, increase power con-
sumption, and hinder integration into ultra-thin or flexible

platforms such as displays or automotive interior panels.

2.2 Single-Layer Piezoelectric Ceramic Speaker

The single-layer piezoelectric speaker operates through
the converse piezoelectric effect, shown schematically in
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Fig. 1. Comparison of the working principles of (a) a conventional voice-coil speaker and (b) a piezoelectric ceramic speaker.

Fig. 1(b, i-iii) [1,2,17]. The actuator consists of a thin piezo-
electric ceramic plate bonded to a flexible diaphragm
substrate, typically made of polymeric materials such as PET
or PI. When a voltage is applied across the electrodes depos-
ited on both sides of the piezoelectric ceramics, an electric
field is generated, inducing mechanical strain in the material
[2,18]. If the applied electric field is opposite to the polari-
zation direction of the piezoelectric ceramic, the piezoceramic
layer contracts in thickness and expands laterally, causing
the diaphragm to bend upward (Fig. 1(b-ii)). Conversely, if
the applied electric field is in the same direction as the po-
larization direction of the piezoelectric ceramic, the
piezoceramic layer expands in thickness and contracts later-
1(b-iii))

[19,20]. The alternating expansion and contraction, driven

ally, bending the diaphragm downward (Fig.

by the audio-frequency voltage, generate mechanical vibra-
tions that propagate as acoustic waves.

This bending-mode operation allows the single-layer piezoe-
lectric speaker to function without coils or magnets, offering
significant reductions in thickness, weight, and energy con-
sumption. Moreover, since there are no magnetic components,
electromagnetic interference (EMI) is minimized, an advantage
for high-density electronic environments such as mobile devices
or integrated automotive dashboards. However, due to limited
strain amplitude and relatively small displacement of the pie-
zoceramic layer, the acoustic output at low frequencies is

typically lower compared to voice-coil speakers.

2.3 Double-layer and Multilayer Piezoelectric Ce-
ramic Speakers

The structural evolution of piezoelectric exciters from sin-
gle- to multilayer configurations aims to enhance acoustic
output, reduce driving voltage, and improve mechanical cou-
pling between the actuator and the diaphragm. Figure 2
schematically illustrates three representative architectures: (a)
a single-layer piezoelectric speaker, (b) a double-layer sand-
wich structure, and (c) a multilayer piezoceramic exciter with
a diaphragm.

In the single-layer configuration, a thin piezoelectric ce-
ramic plate is bonded to a metallic or polymeric diaphragm.
When an alternating voltage is applied across the electrodes,
the piezoelectric layer expands and contracts in-plane due to
the converse piezoelectric effect (Fig. 2(a)). This cyclic strain
induces flexural deformation in the diaphragm, producing
sound waves. The acoustic output in this configuration primar-
ily depends on the bending stiffness of the diaphragm, the
thickness ratio between the piezoelectric layer and the sub-
the

coefficient of the ceramic material [11]. Although simple in

strate, and effective electromechanical coupling
design and easy to fabricate, the single-layer system typically
requires a relatively high driving voltage to generate sufficient
displacement and sound pressure.

In contrast, the double-layer (sandwich-type) exciter incor-

porates a diaphragm between two piezoelectric ceramic layers
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Fig. 2. The schematic illustration of the piezoelectric ceramics speak-
ers based on the (a) single-layer piezoceramic exciter with a
diaphragm, (b) double-layer piezoceramic exciters sandwiching a di-
aphragm, and (c) multilayer piezoceramic exciter with a diaphragm.

whose polarization directions are intentionally arranged to be
opposite to each other (Fig. 2(b)). Under an applied electric
field, one layer experiences the field in the same direction as
its polarization, while the other experiences it in the opposite
direction. When an alternating voltage is applied, this config-
uration causes one layer to expand and the other to contract,
producing a bending mode that greatly amplifies diaphragm
deflection. This balanced architecture not only increases actu-
ation strain at a given voltage but also enhances mechanical
stability and suppresses unwanted vibration modes.

The multilayer piezoelectric exciter represents a further re-
finement of the double-layer configuration, in which multiple
thin piezoelectric sheets, typically several tens of micrometers
thick, are sequentially stacked with internal electrodes (Fig.
2(c)). Each layer contributes to the overall displacement; how-
ever, because the layers are electrically connected in parallel
and mechanically in series, the total driving voltage is mark-
edly reduced. This multilayer architecture enables high
acoustic output even at low operating voltages (below 20 V),
making it particularly attractive for portable electronic devices
and integrated display systems. The multilayer piezoelectric
exciter also adopts a structure in which the upper and lower
piezoelectric layers are polarized in opposite directions with

respect to the central dummy layer. This antiparallel configu-
ration enhances the effective piezoelectric strain, allowing the
device to generate substantial vibration amplitudes even under
relatively low electric fields. However, precise control during
lamination and sintering is essential to ensure uniform layer
thickness, prevent delamination, and maintain reliable elec-
trode connectivity throughout the multilayer stack.
Collectively, the evolution from single- to multilayer archi-
tectures illustrates the tradeoff between structural complexity
and performance enhancement. While the single-layer design
favors simplicity and low cost, multilayer stacks deliver supe-
rior actuation efficiency, broader frequency response, and
higher SPL output within compact form factors. These ad-
vantages render multilayer piezoelectric exciters ideal
candidates for flat-panel acoustic systems, automotive speak-
ers, and next-generation display-integrated speakers, where
high-fidelity sound emission must coexist with ultra-thin, flex-

ible, and power-efficient designs.

2.4 Comparative Analysis: Piezoelectric Exciters
vs. Voice-Coil Speakers

The operational distinction between voice-coil speakers and
piezoelectric exciters arises from their fundamentally different
actuation mechanisms. Voice-coil systems employ electro-
magnetic induction based on the Lorentz force, where an
alternating current through a coil interacts with a static mag-
netic field, driving the diaphragm to oscillate and generate
sound waves. In contrast, piezoelectric exciters rely on the
converse piezoelectric effect, wherein an applied electric field
induces mechanical strain within a piezoceramic layer. This
strain produces diaphragm vibrations without requiring any
magnetic components, resulting in a simpler, more compact,
and energy-efficient design [11].

From a point of view of performance, piezoelectric exciters
offer a rapid mechanical response and exceptional high-fre-
quency capability due to their minimal inertia and direct
electro-mechanical conversion. These exciters typically ex-
hibit superior efficiency and faster transient response
compared to electromagnetic speakers, which are constrained
by coil inductance and magnetic hysteresis. However, tradi-
tional voice-coil speakers maintain a clear advantage in low-
frequency reproduction, as their larger mechanical stroke ena-
bles

significant diaphragm displacement, essential for
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Table 1. Quantitative comparison between voice-coil and piezoelectric speakers [8,11,25-30].

Parameter

Voice-coil speaker

Piezoelectric speaker

Operating principle

Lorentz-force electromagnetic actuation

Converse piezoelectric actuation

Typical frequency range 20 Hz-20 kHz 400 Hz — 40 kHz
Sound level (SPL) 90-110dB 75-105 dB
ound pressure leve
P (low-mid freq.) (mid-high freq.)
Response time 1-10 ms <0.1 ms
. . <1 mm
Device thickness > 10 mm . . . .
(only piezoelectric ceramic exciter)
High Low

Power consumption

(tens to hundreds of mW)

(<10 mW typical)

Int . bil Limited Excellent
ntegration capabili
& pability (bulky and magnetic) (planar, transparent, flexible)
Distortion level (THD) 1-3% <0.5%
Low-frequency performance Excellent Moderate to limited

achieving strong bass and subsonic output. In contrast, the lim-
ited strain of piezoceramics restricts low-frequency sound
pressure unless compensated through multilayer stacking or
acoustic cavity engineering [11].

In terms of form factors, piezoelectric exciters exhibit sig-
nificant advantages. Their solid-state architecture eliminates
bulky coils and magnets, enabling thicknesses below 0.5 mm
and compatibility with rigid, flexible, or transparent sub-
strates. This ultra-thin and lightweight structure allows
integration into display panels, vehicle interiors, and wearable
devices, where electromagnetic designs would be impractical.
Voice-coil speakers, by comparison, are limited by the volu-
metric space required for the coil, magnet, and suspension,
making them unsuitable for surface-mounted or planar appli-
cations [11].

Acoustically, piezoelectric exciters exhibit wide bandwidth,
strong directivity, and minimal harmonic distortion at high fre-
quencies, making them ideal for mid-to-high frequency sound
reproduction and haptic feedback systems. However, their re-
sponse can be nonlinear near mechanical resonance, which
may cause localized amplification or frequency-dependent
sound pressure variations. Voice-coil speakers generally pro-
vide smoother low-frequency linearity but at the cost of higher
distortion and slower transient recovery [11].

The advantages of piezoelectric exciters are therefore mul-
tifold: these exciters are compact, lightweight, and energy-

efficient, with extremely fast response times and no reliance

on magnetic materials. Their potential use of lead-free ceram-
ics (such as KNN, BNT-BKT systems) further enhances
environmental compatibility, supporting sustainable device
engineering [21-24]. Nonetheless, limitations remain, chiefly,
reduced displacement at low frequencies, potential mechanical
resonance effects in thin diaphragms, and the complexity of
fabricating defect-free multilayer ceramics with consistent po-
larization alignment. Ongoing advances in material engineer-
ing, bonding interfaces, and acoustic cavity design continue to
mitigate these challenges [11]. A quantitative comparison be-
tween both technologies highlights these tradeoffs, as
summarized in Table 1.

A recent study demonstrated a ceramic PZT-based MEMS
loudspeaker with a 6.7 mm x 6.7 mm footprint and only a 5
pm-thick piezo layer, achieving a maximum sound pressure
level (SPL) of ~108 dB at 8.2 kHz under only 5 V driving volt-
age [29]. While the SPL is impressive for such a form factor,
the authors note that it is achieved at a resonant frequency and
small radiating area and cannot claim a high broadband elec-
trical-to-acoustic power efficiency [8]. One of the advantages
of such devices is that piezoelectric materials exhibit intrinsi-
cally higher electroacoustic conversion efficiency than
conventional voice-coil counterparts, making them attractive
for low-power applications. However, it should be noted that
the value for overall acoustic conversion efficiency in air-cou-

pled operation is not yet reported.
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3. CONVERGENCE OF DISPLAY AND
ACOUSTIC TECHNOLOGIES

3.1 Evolution of Display Technologies: Toward
Thinner, Larger, and Multifunctional Platforms
[8,14,31,32]

The trajectory of display technologies over the past six dec-
ades represents one of the most transformative evolutions in
modern electronics, driven by an enduring pursuit of thinner
profiles, larger panel sizes, higher resolution, and integrated
multifunctionality. Beginning with the cathode-ray tube
(CRT) displays of the mid-20th century, display systems were
characterized by significant bulk and power consumption,
with thickness exceeding 300 mm and limited scalability. The
transition to liquid-crystal displays (LCDs) and plasma display
panels (PDPs) in the late 1990s marked the first major reduc-
tion in thickness to below 100 mm, enabling flat-panel designs
that redefined aesthetic and ergonomic standards in consumer
electronics (Figs. 3 and 4). The introduction of light-emitting
diode (LED) backlighting further revolutionized this trajec-
tory, allowing even slimmer and more energy-efficient panels,
while dramatically enhancing brightness and contrast. By the

Year

PDP

DLP LCD, LED

early 2010s, organic light-emitting diode (OLED) technology
emerged as the pivotal milestone, offering self-emissive pixels
that eliminated the need for external backlights. OLED panels
achieved ultra-thin profiles below ~4 mm, accompanied by
unprecedented image fidelity, faster response times, and wide
viewing angles (Figs. 3 and 4). This breakthrough not only
transformed display performance but also enabled mechanical
flexibility and curvature, paving the way for foldable, rollable,
and transparent displays (Fig. 3). Beyond conventional visual-
ization, display surfaces have evolved into multifunctional
interactive interfaces, capable of sensing, emitting sound, and
responding to external stimuli. Recent advancements empha-
size mechanical stretchability, transparent electrode
integration, and functional hybridization, combining optical,
electrical, and acoustic functionalities into unified platforms.
Companies such as LG Display, Samsung Display, and BOE
are now developing stretchable and frameless OLED panels
that blur the boundary between structure and function. The in-
dustry’s focus has shifted from merely displaying information
to creating immersive, intelligent, and responsive surfaces
(Fig. 3). This continuous miniaturization and functional inte-
gration of displays further requires thinner and lighter speaker

elements for integrated sound functionality.

2020
OLED

Thinner profiles,
larger sizes, and
higher resolution

e

- N Enhanced
ﬁ - oS ey flexibility and
Flat Panel Curved panel Flexible, Rolling, Folding StretChablllty
” Q Multifunctional

: — integration

Touch panel Lightweight, Transparent
Information Display

Fig. 3. Evolution of display technologies from CRT to OLED, highlighting key advancements in image quality, device thinness, flexibility,
and multifunctional integration [14,31-33]. Abbreviations: CRT (cathode ray tube), DLP (digital light processing), PDP (plasma display panel),
LCD (liquid crystal display), LED (light emitting diode), and OLED (organic light emitting diode).
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Fig. 4. Progressive reduction in display thickness from CRT to OLED technology, illustrating major generational shifts in form factor

[14,31-34].

3.2 From Conventional to Screen-Integrated
Sound Systems [13,16,34-36]

Recent advances in display and mobile device technologies
have accelerated the demand for thinner, lighter, and more in-
tegrated audio solutions. Conventional electromagnetic
speakers, comprising diaphragms, coils, and magnetic struc-
tures, impose inherent constraints on the miniaturization and
integration of modern electronic systems. Their reliance on
mechanical resonance chambers and spatially separated
acoustic outlets often limits the form-factor flexibility of de-
vices such as smartphones, tablets, and automotive displays.
As reported by IEEE Spectrum (2024), these mechanical de-
pendencies not only hinder compact design but also cause
perceptual mismatches between visual and auditory cues, as
sound typically originates from regions peripheral to the dis-
play (Figs. 5(a) and 5(b)). This spatial separation leads to a
diminished immersive experience.

To address these limitations, researchers and manufacturers
have shifted toward display-integrated piezoelectric audio sys-
tems, where a thin piezoelectric exciter is directly bonded to
the rear surface of the display panel or substrate. In this con-
figuration, the display itself serves as the sound-emitting
surface, converting electrical signals into localized mechanical
vibrations that radiate acoustic waves toward the viewer (Fig.
5(c)). This approach eliminates bulky acoustic cavities and

speaker grilles, resulting in ultra-thin, water-resistant, and

Display

panel
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speaker
Watching
O
.&0

i

Watching

=

)
Soundbar 5’@ o~

speaker\LD%

(c)

Piezoelectric
exciter

\ -;\ Watching w
Listening
&

Fig. 5. Spatial relationship between sound and image by sound prop-
agated by (a) a traditional speaker mounted on the back of the display
panel, (b) a soundbar speaker separated from the display, and (c) a
piezoelectric exciter mounted on the display [14,16,35,36].
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dustproof designs. More importantly, because the sound orig-
inates from the visual surface itself, the audiovisual alignment
is greatly improved, enhancing realism and immersion in user
interaction.

However, several technical challenges persist in achieving
uniform performance across large display areas. As empha-
sized by IEEE Spectrum (2024), the limited driving voltage
available in mobile systems requires high-efficiency driver
amplifiers capable of producing sufficient displacement with-
out waveform distortion. In addition, maintaining wideband
frequency response, minimizing harmonic distortion, and en-
suring consistent output intensity across flexible display
substrates remain active research areas. Nonetheless, the con-
vergence of piezoelectric, MEMS, and thin-film technologies
is paving the way for fully integrated sound and haptic dis-
plays, marking a fundamental shift in audio interface design
for next-generation smartphones, tablets, laptops, and automo-

tive systems.

3.3 Smartphone Screens are about to Become
Speakers [14,32,36]

Recent progress in display and mobile device engineering is
driving a strong push toward thinner, lighter, and fully inte-
grated audio systems. Traditional electromagnetic speakers,
constrained by their coils, magnets, and resonance chambers,
limit further device miniaturization and design flexibility.
Their side-mounted sound emission also creates a disconnect
between the visual and auditory sources, diminishing user im-
mersion. To address these issues, researchers and manufact-
urers are developing display-integrated speaker technologies,
where a thin piezoelectric or electroactive layer is bonded di-
rectly to the display surface (Fig. 6). In this configuration, the
screen itself vibrates to produce sound, eliminating the need
for acoustic cavities or openings. This not only reduces device
thickness and weight but also improves water resistance and
delivers sound directly from the image plane, enhancing spa-
tial audio realism.

The convergence of display and acoustic technologies is
rapidly approaching commercial viability. Future smartphones,
tablets, and automotive displays are expected to use their
screens as both visual and acoustic interfaces, marking a piv-
otal shift toward seamlessly integrated, ultrathin, and

immersive electronic systems.

Piezoelectric
speaker sound and
haptic feedback

Traditional
speaker sound

Fig. 6. Conceptual illustrations of display-integrated piezoelectric ac-
tuators enabling sound generation and haptic feedback. Thin
piezoelectric speakers embedded in laptops, smartphones, and auto-
motive display panels emit acoustic waves while simultaneously
providing localized tactile vibration in response to user touch
[14,32,36].

4. DIFFERENT CLASSES OF
PIEZOELECTRIC EXCITERS

Recent advancements in acoustic actuation technologies
have given rise to multiple categories of piezoelectric exciters,
each optimized for distinct performance requirements, fabri-
cation constraints, and application domains. These include (1)
MEMS-based piezoelectric speakers, (2) multilayer pie-
zoceramic actuators, and (3) polymer-based piezoelectric
speakers. While all three rely on the fundamental electrome-
chanical coupling of piezoelectric materials, their structural
configurations, fabrication routes, and functional properties
differ considerably, reflecting the diverse approaches adopted

to achieve high-efficiency, miniaturized sound generation.

4.1 Structural Design and Operation of Multilayer
Piezoelectric Actuators Speakers

The multilayer piezoceramic exciter architecture represents
a macroscopic yet highly efficient form of piezoelectric actu-
ation, optimized for strong sound pressure generation.
Representative structural and acoustic characteristics of mul-
tilayer piezoelectric actuators (MLAs) used for acoustic

excitation (Figs. 7(a-g)) [10,37]. The SEM micrograph reveals
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a dense, laminated microstructure with well-defined interfaces
between the piezoceramic and electrode layers, demonstrating
uniform stacking, as shown in Fig. 7(a). The alternating elec-
trode-ceramic configuration, where each layer is poled in the
same direction to achieve a cumulative strain under an applied
electric field (Fig. 7(b)). A typical integration configuration of
the MLA attached to a flexible polymeric substrate (PET,
thickness ~250 pm), supported by a frame containing air holes
to allow acoustic radiation, as depicted in Fig. 7(c). The inclu-
sion of air vents prevents acoustic reflection and enhances
low-frequency response, while the compliant PET substrate
improves device flexibility and durability under repeated ac-
tuation.

The acoustic performance of these actuators demonstrates
that lead-free BNKT-based MLAs (Bii12Nai2TiO3-Bi12Ki12TiOs3
systems doped with CuO) can achieve comparable SPLs to
conventional lead-based counterparts, presented in Fig. 7(d).
The SPL-frequency curves show that the CuO-doped
BNKT22 MLA exhibits enhanced response in the mid-to-high

: Sheeraz et al.

frequency range (2-10 kHz), attributed to improved domain
mobility and reduced internal damping. Additionally, integra-
tion with a PET substrate further increases SPL efficiency by
enhancing acoustic impedance matching. The practical device
configuration reveals the compact assembly of a multilayer ac-
tuator within a stainless-steel frame encapsulated by
polyolefin insulation, illustrated in Fig. 7(e) [37]. The cross-
sectional SEM image confirms a total actuator thickness of ap-
proximately 330 pm in Fig. 7(f), with uniform sublayer
thickness around 20 um per piezoelectric element, signifying
precision in tape-casting and co-firing processes.

The frequency-dependent SPL response under varying
measurement distances (10, 15, and 20 cm), plotted in Fig.
7(g), indicates consistent sound output and stable resonance
characteristics across the 1-10 kHz range. The minor attenua-
tion with distance suggests efficient acoustic propagation and
low signal distortion, validating the potential of multilayer pi-
ezoelectric actuators as compact and energy-efficient acoustic
emitters for next-generation devices. Overall, the integration

(d)

Air hole

16mm

12mm

& Poling direction

PET
.\ILA;I (t=250 pm) 204
(1) = Pb-based MLCA

(2) = BNKT22:CuO 1.0 mol.% MLCA

- - / (3) = BNKT22.CuO 1.0 mol.% MLCA/PET

Sound Pressure Level (dB)

1'k I&K

Frequency (Hz)

0
Frame 100

—_—
(=]

——— 10cmm

[—— 20cm

Sound Pressure Level (dB)

Frequency (Hz)

Fig. 7. Representative structures and performance of multilayer piezoelectric acoustic actuators (MLPAs). (a) Cross-sectional SEM image
showing the laminated ceramic layers (~35 um total thickness). (b) Schematic of the internal stacked electrode-ceramic configuration with
aligned poling direction. (c) Structural model of MLA on PET substrate with air holes for sound propagation. (d) SPL-frequency characteristics
of Pb-based and BNKT22:CuO-based MLAs with and without PET backing (Adapted with permission from [10]. Copyright 2015 The Amer-
ican Ceramic Society). (e) Device assembly schematic showing the multilayer actuator mounted in a stainless-steel frame. (f) Cross-sectional
SEM micrograph of fabricated MLA (total thickness ~330 pm). (g) SPL-frequency response measured at different distances, showing con-
sistent acoustic output and resonance stability (Adapted with permission from [37]. Copyright 2016 The Korean Institute of Electrical and

Electronic Material Engineers).
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of MLAs with polymeric and oxide-based structures marks a
critical technological evolution toward ultra-thin, cavity-free,

and display-integrated acoustic systems.

4.2 Microelectromechanical Systems (MEMS)-
Based Piezoelectric Speakers

The development of ceramic PZT-based piezoelectric
MEMS speakers represents a significant advancement in min-
iaturized acoustic technologies for compact electronic
systems. These devices exploit the superior electromechanical
coupling and mechanical resilience of ceramic PZT films to
achieve high SPL under low driving voltages, effectively ad-
dressing the long-standing trade-off between acoustic
intensity and device thinness [38].

System-level characterization was performed by mounting
the device on a printed circuit board (PCB) with a central
through-hole, as shown in Fig. 8(a) [6]. This configuration ef-
fectively eliminates back-chamber resonance by allowing the
rear acoustic volume to approximate infinity, ensuring accurate
frequency response evaluation. Comparative SPL spectra reveal
enhanced low-frequency output (1 - 4 kHz) by more than 3 dB
in the proposed design relative to a reference microspeaker (Fig.
8(b)). Furthermore, the phase-compensated configuration elim-
inated spectral dips (SPL zeros) near 10 and 16.8 kHz, resulting
in a smooth, continuous acoustic response with up to 15 dB im-
provement across key auditory frequencies.

The total harmonic distortion (THD) profiles further
demonstrate superior harmonic suppression in the proposed

(a) (b)
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configurations, as shown in Fig. 8(c). Both filtered and unfil-
tered designs exhibit reduced THD between 8 - 10 kHz,
attributed to stabilized resonant transitions and the removal of
destructive interference modes. The phase-compensated de-
sign also improves THD behavior in the 15 - 18 kHz range,
mitigating harmonic peaks induced by overlapping reso-
nances. A minor distortion peak around 14 kHz, likely
originating from subharmonic coupling of the seventh vibra-
tion mode (~28 kHz), can be further minimized through
structural tuning or geometric optimization. Collectively,
these findings underscore the remarkable scalability and

acoustic potential of ceramic PZT-based MEMS speakers.

4.3 Polymer-Based Piezoelectric Speakers

In addition to multilayer piezoceramics and MEMS-based
speakers, recent advances in polymer-based piezoelectric
loudspeakers highlight the potential of eco-friendly, low-cost,
and flexible acoustic devices for next-generation electronics.
The concept, fabrication workflow, and functional mechanism
of the transparent piezoelectric loudspeaker based on blended
P(VDF-TtFE) and P(VDF-TrFE-CTFE) polymers were
demonstrated in Fig. 9 [5]. By carefully tuning the copolymer-
terpolymer ratio, the originally nonpolar a-phase was progres-
sively converted into the highly polar B-phase, which was
further strengthened through electric and thermal poling. Us-
ing a custom-built film-casting applicator, uniform transparent
films with an average thickness of ~12 pm were prepared and
subsequently laminated between two ITO sheets without any

(c)
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Fig. 8. (a) Cross-sectional view of the DUT mounted on PCB with open back volume for accurate SPL. measurement. (b) Sound Pressure Level
(SPL) comparison of reference, proposed without filter, and proposed with all-pass filter designs, showing clear SPL enhancement and sup-
pression of spectral zeros. (¢) Total Harmonic Distortion (THD) characteristics under identical conditions, illustrating improved distortion
control with the filtered design (Adapted with permission from [6]. Copyright 2024 IOP Publishing).
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Fig. 9. A schematic illustration of the flexible and transparent piezoelectric loudspeaker formed by laminating blended polymer films
between two ITO electrodes. This figure also shows the emergence of the polar B-phase backbone in P(VDF-TrFE), generated through the
blending-induced interaction of the a- and y-phase chains from the constituent polymers (Adapted with permission from [5]. Copyright

2021 Springer Nature).

paper interlayers, preserving device transparency while main-
taining electrical reliability. The resulting 6.5 cm x 5 cm
flexible loudspeakers exhibited enhanced remnant polariza-
tion and strong B-phase signatures, directly contributing to
improved acoustic output. Sound pressure level (SPL) meas-
urements, recorded under varying microphone positions and
continuous poling, demonstrated that these devices outper-
form previously reported transparent loudspeakers, achieving
SPL values above 91 dB while retaining high optical clarity.

5. FUTURE PROSPECTS AND CHALLENGES

The evolution of thin, flexible, and eco-friendly acoustic de-
vices defines a new frontier in next-generation sound
technologies. Despite major progress in multilayer pie-
zoceramic actuators and polymer-based transducers, key
challenges persist in achieving large-scale, reliable integra-
tion. From a device-engineering standpoint, incorporating
piezoelectric emitters into display panels, wearables, and hap-
tic systems demands precise vibration control, high energy
efficiency, and stable multimodal operation. Large-area arrays
require accurate phase synchronization and suppression of un-
wanted harmonics to ensure consistent audio fidelity. As
devices continue to shrink in size, developing compact, low-
voltage driving circuits becomes critical to maintain strong
acoustic output with minimal power use. A further frontier lies

in multifunctional transduction, where acoustic, haptic, and

sensing functions coexist within a single platform. Such adap-
tive systems could enable interactive, immersive interfaces
that unify sound and touch, requiring fine control of fre-
quency-dependent mechanical responses and real-time tuning
between acoustic and tactile modes.

Moreover, recent progress of highly crystalline freestanding
oxide (such as BaTiOs and Pb(Zr,Ti)Os) membranes would of-
fer a promising route for the realization of next-generation
piezoelectric exciters [39]. These oxide membranes on host
substrates exhibit superior electromechanical coupling, excep-
tional mechanical flexibility, and superelasticity. Owing to
these advantages, the piezoelectric oxide membranes have
great potential for high-fidelity acoustic generation within ul-
trathin, transparent, and flexible form factors, positioning
oxide membranes for the realization of display-integrated and
wearable acoustic systems.

The automotive sector is undergoing a profound transfor-
mation toward electrification and mobility integration,
creating new opportunities for lightweight and energy-effi-
cient acoustic systems. Conventional car audio systems,
comprising multiple heavy voice-coil speakers, can weigh up
to 40 kg, significantly affecting fuel efficiency and cabin de-
sign flexibility. The piezoelectric speaker system reduces both
weight and space by up to 90%, enhances fuel efficiency, and
improve cabin acoustics [14]. Ultrathin piezoelectric speakers,
due to their minimal mass and high integration capability, can
be employed in: (i) Active Noise Cancellation (ANC) systems
to suppress cabin noise using anti-phase sound waves, (ii) In-
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Vehicle Communication (IVC) for clearer speech transmis-
sion between passengers, (iii) Emergency (eCall) systems,
enabling real-time voice communication with responders dur-
ing accidents [40]. For electric vehicles (EVs), where power
efficiency directly translates into extended driving range, the
high acoustic conversion efficiency of piezoelectric exciters

offers a distinct competitive edge.

6. CONCLUSION

The advancement of piezoelectric speakers results in a
transformative step in acoustic engineering, moving beyond
the physical and design limitations of conventional electro-
magnetic systems. Through innovations in material compo-
sition, structural design, and fabrication, both ceramic and pol-
ymer transducers have achieved high acoustic output within
ultrathin, flexible, and sustainable formats suited for next-gen-
eration electronics. Multilayer piezoceramic actuators,
particularly those based on lead-free systems such as BNKT-
CuO, exhibit excellent densification, electrode uniformity, and
operational stability, positioning them as viable alternatives to
lead-based materials for compact, high-fidelity sound mod-
ules. Similarly, polymer-based devices, such as PVDF-based
polymer speakers, offer lightweight, low-cost, and eco-
friendly solutions with promising acoustic and mechanical
performance. Their adaptability to printing and large-area fab-
rication further supports integration into wearable audio
systems.

Beyond portable electronics, these piezoelectric technolo-
gies hold significant potential for automotive applications,
where space, weight, and durability are critical. Display-inte-
grated or surface-vibration-based audio panels can replace
conventional loudspeakers, reducing bulk while enhancing
spatial sound perception within vehicle cabins. Moreover,
their inherent compatibility with haptic feedback and sensing
functions enables interactive dashboards and multifunctional
infotainment systems. Overall, the convergence of ceramic
precision and polymer versatility is paving the way for ultra-
thin, high-efficiency, and environmentally sustainable acous-
tic interfaces.

ORCID

Chang Won Ahn https://orcid.org/0000-0003-0613-9823

ACKNOWLEDGEMENTS

This research was supported by Basic Science Research
Program through the National Research Foundation of Korea
(NRF) funded by the Ministry of Education (Project No. RS-
2023-00245221, RS-2023-00249613) and the Korea Technol-
ogy and Information Promotion Agency for SMEs (TIPA)
(Project No. RS-2025-02222483).

REFERENCES

[1] H.J.Kim, K. Koo, S. Q. Lee, K. H. Park, and J. Kim, ETRI J.,
31, 680 (2009).
doi: https://doi.org/10.4218/etrij.09.1209.0010

[2] H.Wang, Y.Ma, Q. Zheng, K. Cao, Y. Lu, and H. Xie, Microm-
achines, 12, 1257 (2021).
doi: https://doi.org/10.3390/mi12101257

[3]1 A.Yildirim, J. C. Grant, G. Song, S. Yook, Z. Mutlu, S. Peana,
A. Dhanabal, S. K. Sinha, R. Daniels, K. M. Bellisario, G. A.
Sotzing, D. H. Huston, B. C. Pijanowksi, R. Rahimi, Y. Liu, and
M. Cakmak, Adv. Mater. Technol., 5, 2000296 (2020).
doi: https://doi.org/10.1002/admt.202000296

[4] J. Borwick, Loudspeaker and headphone handbook, 3rd edn.
(Routledge, New York, USA, 2001).
doi: https://doi.org/10.4324/9780080496177

[5] M. Shehzad, S. Wang, and Y. Wang, npj Flex. Electron., S, 24
(2021).
doi: https://doi.org/10.1038/s41528-021-00121-z

[6] C.H.Lin, T.C. Wei, C. Tseng, Z. S. Hu, M. F. Lai, and W. Fang,
J. Micromech. Microeng., 34, 095009 (2024).
doi: https://doi.org/10.1088/1361-6439/ad6fle

[7]1 S.V.Joshi, S. Sadeghpour, and M. Kraft, Micro Nano Eng., 19,
100213 (2023).
doi: https://doi.org/10.1016/j.mne.2023.100213

[8] R. Liechti, S. Durand, T. Hilt, F. Casset, C. Dieppedale, and M.
Colin, Sens. Actuators A: Phys., 358, 114413 (2023).
doi: https://doi.org/10.1016/j.sna.2023.114413

[9] L T.Seo,l.Y.Kang,Y.J.Cha,lJ. H. Choi, S. Nahm, T. H. Sung,
and H. C. Jung, J. Eur. Ceram. Soc., 32, 1085 (2012).
doi: https://doi.org/10.1016/j.jeurceramsoc.2011.11.020

[10] C.W. Ahn, H. S. Kim, W. S. Woo, S. S. Won, H. J. Seog, S. A.
Chae, B. C. Park, K. B. Jang, Y. P. Ok, H. H. Chong, and I. W.
Kim, J. Am. Ceram. Soc., 98, 1877 (2015).
doi: https://doi.org/10.1111/jace.13564

[11] M. Garud and R. Pratap, J. Micromech. Microeng., 34, 013001
(2024).
doi: https://doi.org/10.1088/1361-6439/acfe86

[12] S. H. Go, Y. G. Chae, S. J. Chae, E. J. Kim, H. M. Yu, W. H.



J. Electr. Electron. Mater., Vol. 39, No. 1, pp. 1-13, January 2026: Sheeraz et al. 13

[13]

[14]

[15]

[16]

[17]

[18]

(19]

(20]

[21]

(22]

[23]

[24]

[25]

Cho, and S. Nahm, J. Alloys Compd., 968, 171958 (2023).

doi: https://doi.org/10.1016/j.jallcom.2023.171958

Y. C. Chen, W. C. Ko, H. L. Chen, W. J. Wu, P. Z. Chang, and
C. K. Lee, [EEE Trans. Ind. Electron., 59, 4140 (2012).

doi: https://doi.org/10.1109/TIE.2011.2174539

LG Display develops invisible speakers for automobiles. (LG
Display Newsroom, 2022).
https://news.lgdisplay.com/en/2022/11/lg-display-develops-in-
visible-speakers-for-automobiles/.

C. N. Wang, J. R. Chang, and W. C. Chang, J. Mech., 31, 331
(2015).

doi: https://doi.org/10.1017/jmech.2015.4

S. Lee, K. Park, and H. Park, KSII Trans. Internet Inf. Syst., 14,
871 (2020).

doi: https://doi.org/10.3837/tiis.2020.02.023

M. Sheeraz, B. C. Park, and C. W. Ahn, J. Korean Inst. Electr.
Electron. Mater. Eng., 38, 143 (2025).

doi: https://doi.org/10.4313/JKEM.2025.38.2.3

H. S. Han and C. W. Ahn, J. Korean Inst. Electr. Electron. Ma-
ter. Eng., 37, 141 (2024).

doi: https://doi.org/10.4313/JKEM.2024.37.2.3

A. Grigoriev, R. Sichel, H. N. Lee, E. C. Landahl, B. Adams, E.
M. Dufresne, and P. G. Evans, Phys. Rev. Lett., 100, 027604
(2008).

doi: https://doi.org/10.1103/PhysRevLett.100.027604

S. S. Dani, A. Tripathy, N. R. Alluri, S. Balasubramaniam, and
A. Ramadoss, Mater. Adv., 3, 8886 (2022).

doi: https://doi.org/10.1039/D2MA00559J]

A. Khalig, M. Sheeraz, A. Ullah, H. J. Seog, C. W. Ahn, T. H.
Kim, S. Cho, and I. W. Kim, Ceram. Int., 44, 13278 (2018).
doi: https://doi.org/10.1016/j.ceramint.2018.04.157

M. Sheeraz, C. W. Ahn, N. X. Duong, S. Y. Hwang, J. S. Jang,
E.Y.Kim, Y. K. Kim, J. Lee, J. S. Jin, J. S. Bae, M. H. Lee, H.
S. Han, G. Y. Kim, S. Cho, T. K. Song, S. M. Yang, S. D. Bu,
S. H. Baek, S. Y. Choi, I. W. Kim, and T. H. Kim, Adv. Sci., 11,
2408784 (2024).

doi: https://doi.org/10.1002/advs.202408784

S. Ali, M. Sheeraz, A. Ullah, W. S. Yun, A. Ullah, I. W. Kim,
and C. W. Ahn, Chem. Eng. J., 485, 150087 (2024).

doi: https://doi.org/10.1016/j.cej.2024.150087

M. Sheeraz, S. S. Won, J. P. Kim, S. Ali, F. Akram, H. S. Han,
B. C. Park, T. H. Kim, I. W. Kim, A. Ullah, and C. W. Ahn, J.
Adv. Ceram., 14, 9221034 (2025).

doi: https://doi.org/10.26599/JAC.2025.9221034

X. Qiu, G. C. Schmidt, P. M. Panicker, R. A. Quintana Soler, A.
J. Benjamin, and A. C. Hiibler, Adv. Eng. Mater., 21, 1900537
(2019).

doi: https://doi.org/10.1002/adem.201900537

[26]

(27]

(28]

[29]

(30]

(31]

(32]

[33]

[34]

[35]

[36]

[37]

(38]

[39]

[40]

M. Sun, M. Zhang, Y. Wang, S. Gong, C. Sun, C. Sun, C. Liu,
L. Xu, and W. Pang, Microsyst. Nanoeng., 11, 138 (2025).

doi: https://doi.org/10.1038/s41378-025-00991-7

A. Arevalo, D. Castro, D. Conchouso, J. Kosel, and I. G. Foulds,
Proc. 2016 IEEE 29th International Conference on Micro
Electro Mechanical Systems (MEMS) (IEEE, Shanghai, China,
2016), p. 1098.

F. Stoppel, A. Ménnchen, F. Niekiel, D. Beer, T. Giese, and B.
Wagner, Proc. 2018 IEEE Micro Electro Mechanical Systems
(MEMS) (IEEE, Belfast, UK, 2018), p. 1068.

H. Wang, Z. Chen, and H. Xie, Sens. Actuators A: Phys., 309,
112018 (2020).

doi: https://doi.org/10.1016/j.sna.2020.112018

Q. Zheng, K. Cao, X. Ma, N. Deng, H. Chen, Y. Cheng, Y. Lu,
and H. Xie, Microsyst. Nanoeng., 11, 167 (2025).

doi: https://doi.org/10.1038/s41378-025-01031-0

Innovating display technologies for the next generation of
OLED applications. (Samsung Display Newsroom).
https://news.samsungdisplay.com/.

V. Ganju, Smartphone screens are about to become speakers.
(IEEE Spectrum).
https://spectrum.ieee.org/piezoelectric-speakers.

Y. J. Park, Electron. Telecommun. Trends, 34, 10 (2019).

doi: https://doi.org/10.22648/ETRI.2019.J.340202

L. electronics, Puzzling TV Dictionary. (LG Electronics).
https://live.lge.co.kr/tv_dictionary03/.

S. Lee, K. Park, S. Park, J. Lee, and H. Park, J. Soc. Inf. Disp.,
28, 297 (2020).

doi: https://doi.org/10.1002/jsid.855

L. D. Newsroom, Now on mobile! Exploring the allure of
Crystal Sound OLED (CSO)! (LG Display Newsroom).
https://news.lgdisplay.com/2019/05/

M. S. Lee, J. S. Yun, W. L. Park, Y. W. Hong, J. H. Paik, J. H.

Cho, Y. H. Park, and Y. H. Jeong, J. Korean Inst. Electr.
Electron. Mater. Eng., 29, 601 (2016).

doi: https://doi.org/10.4313/JKEM.2016.29.10.601

H. Wang, M. Li, Y. Yu, Z. Chen, Y. Ding, H. Jiang, and H. Xie,
Proc. 20th International Conference on Solid-State Sensors,
Actuators and Microsystems (TRANSDUCERS & EUROSENSORS
XXXIII) (IEEE, Berlin, Germany, 2019), p. 857.

M. Sheeraz, M. H. Jung, Y. K. Kim, N. J. Lee, S. Jeong, J. S.
Choi, Y. J. Jo, S. Cho, I. W. Kim, Y. M. Kim, S. Kim, C. W.
Ahn, S. M. Yang, H. Y. Jeong, and T. H. Kim, ACS Nano, 17,
13510 (2023).

doi: https://doi.org/10.1021/acsnano.3¢01974

K. Maniar, 4 Audio Trends Transforming the Automotive
Industry. (Texas Instruments).
https://www.ti.com/document-viewer/lit/html/SSZT278




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


