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ABSTRACT 

As a representative piezoelectric material, poly(vinylidene difluoride) 

(PVDF) and its copolymers have been widely used owing to their light weight, 

non-toxicity and ease of processing. In general, the piezoelectricity refers to the 

ability of a material to generate a piezoelectric potential in response to an 

external force, and thus the enhanced dielectric property like permittivity is a 

key factor for improving the sensitivity of PVDF-based electronic devices. For 

this reason, inorganic fillers with high dielectric constants such as zinc oxide 

(ZnO) have been dispersed into the PVDF matrix. Since the piezoelectric 

behavior occurred in crystals that have anisotropic unit cells or in 

macroscopically separated regions with different charges, the coefficient value 

for piezoelectric strain constant of PVDF increased via addition of the 

inorganic fillers, which resulted in the enhanced PVDF based device ability. 

This dissertation describes the three different ZnO/PVDF thin films were 

prepared for tactile sensor, wireless health care system and acoustic actuator by 

piezoelectricity and pyroelectricity enhanced hybrid film. First, an 80-μm-thick 

film (which is around 15% of the thickness of the human epidermis), which is a 

highly sensitive hybrid bifunctional gauge sensor, and was fabricated from 
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PVDF and rod-like ZnO nanostructures with graphene electrodes. Using this 

film, we were able to simultaneously measure pressure and temperature in real 

time. The pressure was monitored from the change in the electrical resistance 

via the piezoresistance of the material, and the temperature was inferred based 

on the recovery time of the signal. Our thin film system enabled us to detect 

changes in pressure as small as 10 Pa that is pressure detection limit was 103-

fold lower than the minimum level required for artificial skin, and to detect 

temperatures in the range 20–120 °C. Second, highly sensitive, wearable and 

wireless heart rate monitoring system was successfully fabricated based on the 

PVDF/ZnO nanoneedle hybrid film. The nanoneedle structure of ZnO with 

large aspect ratio and hexagonal vertical grown pyramid form could lower the 

elastic modulus of the hybrid film compared to the rod-like ZnO. Due to its 

high permittivity, low polarization response time and outstanding durability, 

the hybrid film can be applied for a real-time pressure sensor to monitor the 

heart rate. Notably, the lowest detectable pressure of the hybrid film was as 

small as 4 Pa. Furthermore, the reduced graphene oxide (rGO) electrode-based 

Bluetooth antenna attained high peak gain (2.70 dBi) and radiation efficiency 

(78.38%), which was applicable to be used as an omnidirectional antenna to 
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transmit wireless signal to the smart phone. Interestingly, the received wireless 

heart beat signal within a distance of 8 m was more sensitively measured on the 

radial artery than carotid artery without distortion and time delay, and it had a 

similar oscillation in comparison with the wire pressure sensor. This approach 

offers a valuable and promising tool for producing the commercial and 

continuous wireless pressure sensor for use in routine biomedical research and 

critical healthcare. Lastly, a bass frequency response enhanced flexible PVDF 

based thin film acoustic actuator was successfully fabricated. High 

concentration of urchin-like ZnO was embedded in PVDF matrix, enhancing 

the β phase content and the dielectric property of the composite thin film. ZnO 

acted as a nucleation agent for the crystallization of PVDF. A chemical vapor 

deposition (CVD) grown graphene was used as electrodes, enabling high 

electron mobility for the distortion free acoustic signals. The frequency 

response of the fabricated acoustic actuator was studied as a function of the 

film thickness and filler content. The optimized film had the thickness of 80 

μm with 30 wt% filler content, and showed 72% and 42 % frequency response 

enhancement in bass and midrange compared to the commercial PVDF, 

respectively. In addition, the total harmonic distortion decreased 82 % and 
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74 % in the bass and midrange regions, respectively. Furthermore, the 

composite film showed a promising potential for microphone applications. 

Most of all, it is demonstrated that acoustic actuator performance is strongly 

influenced by degree of PVDF crystalline. 

 

KEYWORDS: PVDF; ZnO nanofillers; Hybrid film; Tactile sensor; Acoustic 

actuator 

STUDENT NUMBER: 2013–31306 
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1. INTRODUCTION 

1.1. Background 

1.1.1. Poly(vinylidene fluoride) 

Among the various piezoelectric materials, poly(vinylidene fluoride) 

(PVDF) has received considerable attention in the past decade because of its 

nontoxicity, low cost and density. As a representative semi-crystallin polymer, 

it has three possible polymorphs such as alpha(α), beta(β), and gamma(γ) 

phases according to the chain conformation of trans and gauche linkages.[1-4] 

The α phase of PVDF is composed of repeating 1,1-difluoroethyl units joined 

to CF2 groups in a trans-gauche configuration and β crystalline phase has an 

all-trans conformation, which is a planar zigzag configuration whose CH2–CF2 

rocking and asymmetric stretching modes (Figure 1). Especially, the 

piezoelectric property of PVDF is strongly dependent of its β phase content 

owing to high net dipole monent originates from the all-trans structure. 

Therefore, a large effort has been devoted to improve β phase content of PVDF 

for piezoelectric devices. The β phase enhanced PVDFmakes it valuable 

material for use as sensors and actuators since its strong piezoelectric response 

and chemical and mechanical durability[5-8]. However, fabricateing fully β 

phase contained PVDF film is still limited using film drawing process. 

Therefore, it is still a challenge to use commerical PVDF as an electronic 
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device matrix.  

 

 

Figure 1. Molecular depictions of PVDF, an electrostrictive ferroelectric 

polymer. The β phase (with an all-Trans conformation) is responsible for 

ferroelectricity, whereas the α phase (with both Trans and Gauche 

conformations) promotes para-electricity. Reprinted with permission. 

Copyright 2007 Elsevier. 
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1.1.1.1. Piezoelectricity 

By the simplest and broadest definition, a piezoelectric material is one that 

undergoes a change in electrical polarization in response to mechanical stress. 

[9,10]. Piezoelectricity is a characteristic of materials that can transfer kinetic 

energy to electrical energy. In other words, an input of mechanical energy will 

produce an electrical polarization. The reverse piezoelectricity also can be 

occurred by applying an electrical polarization will cause changes in 

dimensions. The piezoelectric effect is understood as the linear 

electromechanical interaction between the mechanical and the electrical state in 

crystalline materials with no inversion symmetry (Figure 2). The nature of the 

piezoelectric effect is closely related to the occurrence of electric dipole 

moments in solids. The latter may either be induced for ions on crystal lattice 

sites with asymmetric charge surroundings or may directly be carried by 

molecular groups. More deeply, piezoelectric materials are a class of low-

symmetry materials that can be polarized, in addition to an electric field, also 

by application of a mechanical stress. The linear relationship between the stress 

Πm applied on a piezoelectric material and the resulting charge density Di is 

known as the direct piezoelectric effect and may be written as:  

Di = dim Πm  

where dim (C/N) are piezoelectric coefficients. d is a third-rank tensor[11].  
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Figure 2. (a) Initial state without a mechanical force. (b) Piezoelectric potential 

when the external force starts to be applied. (c) Piezoelectric and triboelectric 

charge distribution at full-contact state. (d) Negative piezoelectric and 

triboelectric generation at separating state. Reprinted with permission. 

Copyright 2015 Nature Publishing Group. 
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The piezoelectric effect is a reversible process, in which electrical potential 

is transformed into the mechanical stress and vice versa. Representative 

piezoelectric materials are quartz, BaTiO3, Pb(Zr,Ti)O3 (PZT) (lead zirconated 

titanate), zinc oxide (ZnO), PVDF, and so on [12-18]. Although inorganic 

materials exhibit large piezoelectric moduli, the use of these materials as thin 

film applications is limited because of brittleness and difficulty in shaping 

these materials to complex and flexible structures. Thus, organic piezoelectric 

materials such as PVDF have received considerable attention.  

1.1.1.2. Pyroelectricity 

Polar materials possess an effective electric dipole moment the absence of 

an external field. In general, the individual dipoles are randomly oriented in the 

space. In so-called pyroelectric materials, all dipoles are oriented in the same 

sense, creating surface charge, which is a measure of the macroscopic 

spontaneous polarization (Figure 3). Simply, pyroelectricity is the ability of 

certain materials to generate a temporary voltage when they are heated or 

cooled [19]. The change in temperature modifies the positions of the atoms 

slightly within the crystal structure, such that the polarization of the material 

changes. This polarization change gives rise to a voltage across the crystal.  
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Figure 3. Schematic sketch of the pyroelectric generating mechanism. (a) The 

diagrams are showing no output without temperature change, (b) the bound 

charge change caused from the polarization state change and external current 

flow after contacting hot flow, and (c) cold flow. Reprinted with permission. 

Copyright 2014 Royal Society of Chemistry. 
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1.1.2. Zinc oxide 

ZnO is a wide-bandgap semiconductor of the II-VI semiconductor group. 

The native doping of the semiconductor due to oxygen vacancies or zinc 

interstitials is n-type [20-26]. This semiconductor has several favorable 

properties, including good transparency, high electron mobility, wide bandgap, 

strong room-temperature luminescence and dielectric constant. Zinc oxide 

crystallizes in two main forms, hexagonal wurtzite and cubic zincblende 

(Figure 4). The wurtzite structure is most stable at ambient conditions and thus 

most common. The zinc blende form can be stabilized by growing ZnO on 

substrates with cubic lattice structure. Moreover, ZnO can be created high 

piezoelectric potential by the relative displacement of the Zn2+ cations with 

respect to the O2- anions, resultant in the wurtzite crystal structure. Therefore, 

these ionic charges can freely move and recombine with each other as releasing 

the strain [27-45].  

Among the known one-dimensional (1D) nanomaterials, ZnO has three key 

advantages. First, it exhibits both semiconducting and piezoelectric properties 

that can form the basis for electromechanically coupled sensors and transducers. 

Second, ZnO is relatively biosafe and biocompatible, and it can be used for 

biomedical applications with little toxicity. Finally, ZnO exhibits the most 

diverse and abundant so far, such as nanowires, nanobelts, nanosprings, 
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nanorings, nanobows, and nanohelices  

 

 

Figure 4. Unit cell of the wurtzite structure of ZnO. Reprinted with permission. 

Copyright 2013 Royal Society of Chemistry. 
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1.1.3. Zinc oxide/poly(vinylidene) fluoride hybrid film 

As a representative piezoelectric material, PVDF and its copolymers have 

been widely used owing to their light weight, non-toxicity and ease of 

processing. In general, the piezoelectricity refers to the ability of a material to 

generate a piezoelectric potential in response to an external force, and thus the 

enhanced dielectric property like permittivity is a key factor for improving the 

sensitivity of PVDF-based pressure sensors. For this reason, inorganic fillers 

with high dielectric constants including TiO2, BaTiO3, PZT and ZnO have been 

dispersed into the PVDF matrix (Figure 5). Martins et al. loaded dielectric 

BaTiO3 nanoparticle in PVDF thin film increasing dielectric permittivity, 

resulting from the increased β phase content [14]. In spite of the loading of 

dielectric fillers increased the piezoelectric effect of the composite PVDF-

based film, they suffer from the low dispersity of fillers in the matrix. Namely, 

incorporating a high concentration of nanofillers to the matrix caused the 

particle–particle aggregation that result in the reduction of the dielectric 

permittivity.  

The enhanced permittivity, which is related to the polarization and dipole 

moment of PVDF, is key factor for improving the piezoelectric and 

pyroelectric properties of PVDF. For this reason, the semiconductor ZnO is of 

interest, as it may increase the piezoelectric response, is thermally stable, and 
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may increase the permittivity of PVDF.  

 

 

 

 

 

 

Figure 5. Various PVDF based nanocomposites. (a) PVDF/ZnO, (b) 

PVDF/CoFe2O4, (c) PVDF/PZT and (d) PVDF/BaTiO3. Reprinted with 

permission. Copyright 2008 Wiley-VCH Verlag GmbH & Co. KGaA, 2012 

American Chemical Society and 2016 MDPI AG. 
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1.1.4. Application fields 

1.1.4.1. Tactile sensor  

Electronic skin (e-skin) mimics some of the functionality of human skin, 

aiming to provide sensory responses to mechanical, thermal, chemical, 

biological and optical stimuli (Figure 6). Therefore, multifunctional electronic 

sensors are of great interest for medical and industrial applications. In 

particular, thin-film systems have been investigated for use in sensor devices, 

due to the convenient, low-cost processing techniques and flexibility. 

Moreover, the development of a flexible thin-film device that can replace the 

epidermis has important applications in the treatment of injuries. Much effort 

has been devoted to enhancing the performance of pressure-sensing films. 

Integrated, strain-gauge sensors have been reported by Kahp-Yang Shu et al. 

that could detect pressure, shear and torsion [46]. In contrast, relatively little 

attention has been paid to sensing of combined external stimuli in a single 

device, such as sensing mechanical strain and temperature. It is not 

straightforward to design a system that can discriminate among different 

stimuli, because the fabrication of such multifunctional sensors typically 

involves integration of a number of organic and inorganic devices using hybrid 

matrix arrays and circuit elements, which involves complex, expensive 

processes [47-61]. Thus, it is still challenging to realize a sensor that enable to 
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detect multiple stimuli accurately and simultaneously.  

To date, much effort has been devoted to investigating the piezoelectric and 

pyroelectric properties of thin films for fabrication of multifunctional sensors. 

The piezoelectric and pyroelectric properties of thin films enable fabrication of 

multifunctional sensors. Reverse-piezoelectricity can respond to an applied 

mechanical displacement by inducing an electric potential and pyroelectricity. 

Therefore, a hybrid PVDF matrix with a ZnO nanofillers may enable 

fabrication of a hybrid piezoelectric/pyroelectric sensor. Furthermore, 

piezoresistive and piezoresistive sensing, which transduces mechanical 

displacement and temperature signals into an electrical signal, may be a 

valuable and simple monitoring method for small structures [62-67]. In 

particular, a change in the electron mobility or resistance can be measured 

using a transistor structure 

A wearable and wireless pressure sensor for real-time remote monitoring 

the physiological variables such as heartbeat rate, acceleration, and motion has 

recently attracted a great deal of interest in routine biomedical research and 

critical healthcare. The various promising strategies to develop highly flexible 

and sensitive pressure sensors in low-pressure regime (< 10 kPa) have been 

demonstrated, which required the rational design of innovative materials and 

devices in large area [68-75]. Especially, thin-film systems using a 



 13

piezoelectric material have been investigated for use in pressure sensor devices 

due to the convenient, low-cost processing techniques and flexibility. 
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Figure 6. Human skin–inspired multifunctional e-skin. Reprinted with 

permission. Copyright 2015 American Association for the Advancement of 

Science. 
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1.1.3.2. Acoustic actuator 

Recently, portable devices have attracted great attention. Due to the limited 

allowed space and weight, all components are obligated to be small, 

lightweight, as well as power-efficient. Traditionally, electrodynamic 

loudspeaker, which operates based on the movement of the voice coil motor, 

have been used in many audio devices. However, its use in small portable 

devices has been limited due to relatively heavy and thick device structure. 

Thus, new forms of loudspeaker have been extensively studied as alternative 

electrodynamic loudspeaker. Among them, the piezoelectric acoustic actuators 

have received attention as the most remarkable option. Piezoelectric acoustic 

actuators can be prepared into a film that is thinner than 1 mm, whereas 

electrodynamic loudspeakers have 3 mm or greater thickness. Also, 

piezoelectric acoustic actuators are more power-efficient than electrodynamic 

types due to its high impedance characteristics, generating a large sound 

pressure at a relatively low operating voltage. 

The piezoelectric acoustic actuator is a type of traducers that generates the 

sound pressure in response to the electrical audio signal inputs, which is in a 

form of electrical potential. Piezoelectric acoustic actuators operate based on 

the piezoelectric effect.  
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1.2. Objectives and Outline of the Study 

1.2.1. Objectives 

In the preceding section, the importance of PVDF/zinc oxide nanostructure 

hybrid thin films were introduced from the viewpoint of academic research and 

practical applications. The aim of this dissertation is to present dielectric 

characteristics of PVDF thin film depending on different ZnO morphologies as 

a nanofiller. Furthermore, mechanism underlying the phase of PVDF and ZnO 

are systematically investigated, and their application fields are also explored, 

including piezo-, pyro sensor, wireless hearth care system and acoustic actuator.  

 

1.2.2. Outline 

This dissertation involves the following subtopics:  

I. Fabrication of PVDF Thin Film with Free-standing Rod-like ZnO for 

Pressure and Temperature Gauge Sensing 

1. Fabrication of PVDF thin film with free-standing ZnO rod 

2. Bifuntional tactile sensor for pressure and temperature 

II. Fabrication of PVDF Thin Film with Free-standing Needle-like ZnO for 

Wireless Heart Rate Monitoring System 

1. Fabrication of PVDF thin film with free-standing needle-like ZnO rod 

2. Wearable and wireless heart rate system 
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III. Fabrication of PVDF Thin Film with Urchin-like ZnO for Acoustic 

Actuaotor 

1. Fabrication of PVDF thin film with urchin-like ZnO 

2. Acoustic generator and recieiver 
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A detailed outline of the study is as follows: 

1. A highly sensitive hybrid bifunctional gauge sensor was fabricated using a 

PVDF thin film and vertically grown ZnO nanorods. As electrodes, a 

graphene was utilized which is derived from the vacuum-assisted reduction 

of GO film by inkjet printing. This is the first experimental demonstration 

of the detection of two different independent stimuli (i.e., pressure and 

temperature) simultaneously and in real time. The pressure was inferred 

from the change in the electrical resistance via the piezoresistance of the 

material, and the temperature was determined based on the recovery time of 

the signal. The morphology of the ZnO nanostructures was controlled to 

maximize the response of the device, and the output signals were monitored 

while controlling the pressure and temperature to calibrate the device. 

2. A novel route toward the fabrication of highly sensitive, wearable and 

wireless pressure sensor using the ZnO nanoneedle/PVDF hybrid film. This 

is the first experimental evidence for highly reproducible and durable 

ZnO/PVDF hybrid film via tailoring the shape and size of ZnO structure. 

Importantly, needle-like ZnO nanostructures with high aspect ratio and 

hexagonal vertical grown pyramid form, acted as nucleating agent, allowed 

for enhanced crystallinity, permittivity and reduced elastic modulus of 

ZnO/PVDF hybrid film. Furthermore, the reduced graphene oxide (rGO) 
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with high conductivity was utilized for the electrodes of pressure sensor 

and Bluetooth antenna using screen printing. Moreover, the changes in 

resistance as a function of applied pressure, loading/unloading cycle and 

curvature radius under constant pressure were evaluated. In addition, we 

applied the ZnO nanoneedle/PVDF hybrid film for a wearable and wireless 

pressure sensor to real-time monitor the heart rate via smart phone screen. 

3. The behavior of a PVDF based thin film acoustic actuator which the 

performance of every frequency range has been increased by the 

incorporation of urchin-like ZnO as nanofillers and CVD-grown graphene 

electrodes. Especially, high dielectric urchin-like ZnO nanofillers have 

prevented the filler aggregation and allowed the nanospike-to-nanospike 

current path, while they also acted as a nucleation agent augmenting the β 

phase content of the fabricated composite film. To investigate the 

composite film, the crystalline behavior and dielectric permittivity 

parameters were studied. Furthermore, the fabricated composite film was 

applied as the active component of a loudspeaker and microphone. In case 

of the loudspeaker application, the fabricated PVDF/ZnO thin film 

demonstrated the enhanced bass frequency response and decreased total 

harmonic distortion compared to other PVDF based thin films. Moreover, 

the fabricated PVDF/ZnO thin film has shown the first experimental 
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potential for the application in thin film microphone. 
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2. EXPERIMENTAL DETAILS 

2.1. Fabrication of PVDF Thin Film with Free-standing Rod-like 

ZnO for Pressure and Temperature Gauge Sensing 

2.1.1. Fabrication of PVDF thin film with free-standing ZnO rod 

To fabricate flexible multilayer device as a gauge senser, a large areal 

density of ZnO nanorods was embedded in the PVDF on a reduced graphene 

oxide (rGO)-treated flexible polyethylene terephthalate (PET) thin film. First, 

exfoliated GO aqueous ink was modified on the flexible PET substrate via 

inkjet printing, and reduced for use as an electrode [76-79]. The ZnO nanorods 

were then grown, followed by a hydrothermal treatment. 

First of all, the ZnO nanostructures were fabricated using a seed solution 

zinc acetate (Zn(CH3COO))2 (Sigma-Aldrich) dissolved in ethanol, which was 

spin-coated onto the rGO-treated PET film. The ZnO nanorods were grown 

from a mixture of zinc nitrate hexahydrate (Zn(NO3)2•6H2O), 

hexamethylenetetramine (Sigma-Aldrich) and water at 90°C. The morphology 

of the ZnO nanorods was controlled by varying the time and concentration of 

the solution of growth precursor. During the early stages of the hydrothermal 

method, ZnO nucleates spontaneously from the ionized Zn(OH)4
2- seed, to 

form a hexagonal nanostructure in the mixture, which then initiates the growth 

of one-dimensional (1D) nanorods by increasing the temperature and 
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concentration. After then, the 20-wt% PVDF (molecular weight of 275,000, 

determined via gel permeation chromatography) solution which dissolved in a 

1:1 mixture of acetone and dimethylformamide (DMF), and was spin-coated 

onto the ZnO grown film, which then coagulated28 A poling process was then 

carried out under a strong constant electric field of 300 kV/cm at 90°C to 

induce piezoelectricity and pyroelectricity in the PVDF4. A top electrode of 

conductive ink was coated onto the PVDF/ZnO nanorod composite film using 

inkjet printing. 

To fabricate the conductive ink electrode, an aqueous solution GO was 

synthesized using the Hummers and Offeman method as originally presented 

by Kovtyukhova and colleagues. Synthesized purified GO suspensions were 

dispersed in water. Exfoliation of GO was achieved by sonication of the 

dispersion for 3 h to avoid the nozzle blockage. The obtained brown dispersion 

was then washed for 5 cycles of centrifugation at 3,000 rpm to remove any 

unexfoliated graphite oxide. The graphite flakes used in the majority of 

experiments was purchased from Sigma-Aldrich (Product Number 332461). 

GO was printed using a commercial office inkjet printer (Canon Pixima 

IP1300). Poly (ethyleneterephtalate) (PET, 3M) film was used as a substrate 

for inkjet printing.  

For inkjet printing method, the ink cartridge (printer head) was 
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disassembled and washed several times by ethanol and distilled water after 

removing all inks. The exfoliated GO in distilled water was injected into the 

modified cartridge as an alternative ink. Subsequently, the completely sealed 

ink cartridge was placed in the printer body and prepared to use for further 

experiments. In addition, the PET film was treated by oxygen plasma in order 

to modify the surface energies of target substrate (gas flow rate: 20 sccm, 

power: 100 W, time: 20 s). The complex patterned architectures were designed 

by computer software in advance (Microsoft PowerPoint 2003). The exfoliated 

GO solution was printed on the flexible PET film as the designed images using 

the modified inkjet printer. Subsequently, the printed film was properly cut and 

located in VDP chamber containing hydrazine and ammonia solution. The 

graphene sheets patterns were formed immediately at low temperature (90 °C, 1 

h). 

The X-ray diffraction (XRD) patterns were collected using a MAC Science 

Co. M18XHF-SRA model and (FTIR) spectrometer (Bomen MB 100, USA) 

was used. Transmission electron microscopy (TEM) image was taken with a 

JEOL 6700F and the X-ray photoelectron spectroscopy (XPS) spectra were 

recorded using Kratos Model AXIS-HS system. Field-emission Scanning 

electron microscope (FE-SEM) images were acquired with JSM-6700F 

microscope (JEOL, Tokyo, Japan) at an acceleration voltage of 10 keV, and the 
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atomic force microscopy (AFM) topography of the GO solution deposited on 

Si wafer was obtained by a Digital Instrument Nanoscope IIIA from veeco 

systems in tapping mode using silicon tips with a resonance frequency of of 

320 KHz. . Raman spectra were recorded using a LabRAM HR (Horiba, Japan) 

with 1064-nm laser excitation. Optical micrographs were taken using a Leica 

DM2500 P. The measurement of electrical resistances was performed with a 

Keithley 2400 sourcemeter at 25 °C by a four-probe method. The sheet 

resistance was measured at 10 different locations of graphene sheets based 

films and calculated as an average value.  
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2.1.2. Bifuntional tactile sensor for pressure and temperature 

To compare the pressure-sensing properties of the PVDF and ZnO/PVDF 

composite films, pressure stimuli were used, and the performance was 

measured from the change in the electrical resistance; i.e., ΔR = Rloading - 

RUnloading. The assembled device had an overlap area of 6 x 6 cm2, and was 

measured with a gradual increase in pressure and temperature. 

For the analysis of detailed force responses, a computer-based user 

interface and a micro pressure sensor (FT-S270, Nano Science Instrument) 

with nanoscale-controlled stage by piezoelectric stepping positioner (SLC-

1730, Nano Science Instrument) were used to apply an external pressure. 

Moreover, direction of stepper to apply pressure was vertically loaded and 

unloaded in order to avoid distortion output signals by torsion or sheer stress. 

Analysis of the static contact angles was carried out using a DSA 100 drop 

shape analysis system (Kruss GmbH). The electrical resistance was measured 

using a Keithley 2400 source meter at 25°C using a four-probe method.  
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2.2. Fabrication of PVDF Thin Film with Free-standing Needle-like 

ZnO for Wireless Heart Rate Monitoring 

2.2.1. Fabrication of PVDF thin film with free-standing needle-like 

ZnO rod 

Zinc acetate was dissolved in 100ml of ethanol as seed solution. It was 

spin-coated on rGO treated PET, and it placed on 100 °C of oven to be dried 

for 30 min. After then, ZnO nanorod and nanoneedle were grown in a the 90 °C 

of mixture solution, 0.05 M hexamethylenetetramine and 0.05 M zinc nitrate 

hexahydrate and de-ionized water (500 ml), for 3 to 7 h to control the 

morphology of ZnO nanostructure. The graphite used in the experiments was 

purchased from Sigma-Aldrich. Polyethylene terephthalate (PET) film, PVDF 

pellets (molecular weight ca. 275,000 by gel permeation chromatography), zinc 

acetate dihydrate, zinc nitrate hexahydrate, hexamethylenetetramine and 

ethanol were obtained from Sigma-Aldrich.  

PVDF was dissolved in a 1:1 mixture of dimethylformamide (DMF), and 

acetone. The mixture was solution was stirred at 60 °C for 12 h and dropped 

onto the substrate that free standing ZnO grown film. After then, it was spin 

coated at 1,200 rpm for 150 s. The fabricated film was poling under a strong 

constant electric field at 30 kV/mm at 90 °C.  

Unreduced GO was synthesized from natural graphite by a modified 
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Hummers and Offeman method, and exfoliation of GO was achieved by a 

sonication method [89-82]. As an electrode for pressure sensor, the exfoliated 

GO could be printed out precisely onto the PET substrate through screen 

printing mesh using only a scraper (6,000 rpm), and the patterned architectures 

were designed by screen printing mesh. The printed GO thin film was located 

in vapor deposition chamber containing hydrazine solution (1mL). The 

chamber was sealed and placed in an oven at 90 °C for 1 h. The rGO was also 

fabricated on top of the ZnO/PVDF hybrid thin film for pressure sensor device. 

To be applied for the Bluetooth antenna, rGO pattern was printed on the printed 

circuit board (PCB) of Bluetooth transmitter using rGO conducting ink via 

screen printing 
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2.2.2. Wearable and wireless heart rate sensor 

For the wireless pressure sensor, the hybrid film was connected on the 

operational amplifier (op-amp) to amplify the pulse signal. Then, the amplified 

analog signal was converted to digital via signal analyzer (ATmega128), and 

the data could be transmitted to the smart phone using the Bluetooth module.  

For the analysis of pressure level, a computer-based user interface and a 

micro pressure sensor (FT-S270, Nano Science Instrument) with nanoscale-

controlled stage by piezoelectric stepping positioner (SLC-1730, Nano Science 

Instrument) were used to apply an constant low pressure, from 1 to 50 Pa on 

the PVDF and the hybrid film. The films were connected to the Keithley 

2612A Source Meter and applied DC voltage of 2.5 V to analyze change of 

electrical resistance, ΔR, by external pressure for real-time. Since the 

corresponding current of the device is about 1 – 2 nA, which does not give any 

influence on health problem. Moreover, direction of stepper to apply pressure 

was vertically loaded and unloaded in order to avoid distortion output signals 

by torsion or sheer stress because of device design.  

High-resolution TEM (HR-TEM) images were taken using a JEOL JEM-

3010 instrument. Field-emission scanning electron microscopy (FE-SEM, 

JEOL JSM-6700F, Japan) and a FTIR spectrometer (Bomem MB 100, USA) 

were also used. The I-V curves were evaluated by current-sensing atomic force 
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microscopy (CSAFM, Agilent 7500, USA) at 300 K. Differential scanning 

calorimetry (DSC, Q1000, TA instruments, USA) was used, and the work 

function was measured by ultraviolet photoelectron spectroscopy (UPS). 

Electrical resistances were measured with a Keithley 2400 (USA) source meter 

at 25°C using the four-probe method. To investigate the crystal structure of the 

ZnO nanorod and nanoneedle, High resolution X-ray diffraction (HR-XRD, 

Bruker D8 DISCOVER, Germany) analysis and Polarized optical microscopy 

(POM, Lv100 microscope, Nikon, Japan) images were carried out. An E5071B 

ENA RF Network Analyzer from Agilent Technologies was used to 

characterize the RFID antennas using SMA type connector, and impedance 

was plotted on a Smith chart by first normalizing to the characteristic 

impedance of the system (50 ohms). The radiation pattern was measured in the 

anechoic chamber at the Electromagnetic Wave Technology Institute (Korea). 
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2.3. Fabrication of PVDF Thin Film with Urchin-like ZnO for 

Acoustic Acuaotor 

2.3.1. Fabrication of PVDF thin film with urchin-like ZnO 

First, an appropriate amount of high purity Zn (purity, 99.99%) was ground 

in an agate mortar for 20 min. Then, 1 g of power was loaded on an alumina 

boat and placed in a 1.2 m long quartz tube furnace. The growth process was 

divided into three steps. Initially, the furnace purged with Ar gas for 20 min. 

First, an appropriate amount of high purity Zn (purity, 99.99%) was ground in 

an agate mortar for 20 min. Then, 1 g of power was loaded on an alumina boat 

and placed in a quartz tube furnace. The growth process was divided into three 

steps. Initially, the furnace purged with Ar gas for 20 min. The furnace was 

heated to 650 °C in the presence of Ar gas. Soon after the growth temperature 

is reached, a flow of oxygen (120 sccm) is introduced into the quartz tube and 

the growth process was maintained for 30 min. On a cooling to room 

temperature, a white woolly deposit was observed on the alumina boat. On a 

cooling to room temperature, a white woolly deposit was observed on the 

alumina boat. 

To fabricate CVD graphene as an electrodes, Cu foil (7 x 7 cm2) was 

placed in a quartz tubular furnace and the furnace was vacuumed to 30 mTorr. 

Then, the furnace was heated to 1000 ˚C under an 8 sccm flow rate of H2 gas 
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at 90 mTorr and maintained for 30 min to maximize the size of Cu domains. To 

grow graphene on the Cu substrate, a 20 sccm flow of CH4 gas was injected 

for 30 min at 560 mTorr. After the growing process, CH4 gas was shut and 

cooled to room temperature under H2 atmosphere. To transfer the graphene, 

4 % PMMA solution in anisole was spin coated at 5,000 rpm for 1 min onto the 

Cu foil. The pristine graphene was isolated after Cu foil was etched in a Cu 

etchant. 

The zinc nanopowder (size ca. 250 nm; 99.9%; Nano Technology Inc., 

South Korea) was used in the fabrication of urchin-like ZnO. Zinc acetate 

dihydrate, zinc nitrate hexahydrate, hexamethylenetertramine, and ethanol were 

obtained from Sigma-Aldrich, and they were used in the fabrication of rod ZnO. 

Gases (H2, CH4, Ar; 99.99%; Daesung Industrial Gases Co., South Korea), Cu 

foil (Sigma-Aldrich), and poly(methylmethacrylate) (950 PMMA A4, 4% in 

anisole, MicroChem Corp., USA) were used in the fabrication of the graphene 

films. PVDF pellets (molecular weight ca. 275,000 by gel permeation 

chromatography), (3-aminopropyl)trimethoxysilane (APS), and 

dimethylformamide (DMF) were obtained from Sigma−Aldrich. Commercial 

PVDF film was purchased from the Films Corporation (South Korea) 

Field-emission scanning electron microscopy (FE-SEM) images were taken 

using JEOL JSM-6700F. Transmission electron microscopy (TEM) images 
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were acuqied with a JEM-2100 (JEOL, Japan). Raman spectra measurement 

was recorded with LabRAM HR (Horiba, Japan) with 1064 nm laser excitation. 

Fourier-transform infrared (FT-IR) spectra were measured using FT-IR 

spectrometer (Bomen MB 100, USA), utilizing universal-ATR mode. Atomic 

force microscopy (AFM, Nanoscope IIIa, Digital instruments, USA) were used 

in the tapping mode with silicon tips at a resonance frequency of 330 kHz. 

Polarized optical microscopy images were carried out by Lv100 microscope, 

Nikon, Japan. To investigate the crystal structure of the ZnO rod and urchin, 

high resolution X-ray diffraction (HRXRD, Bruker D8 DISCOVER, Germany) 

was used. 
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2.3.2. Acoustic generator and recieiver 

ZnO/PVDF thin film (7 x 7 cm2) was first treated with a 0.5 wt% APS 

solution for 12 h to reduce hydrophobicity of the PVDF film. The film was 

dried in a 60 ˚C oven overnight. Two CVD grown graphene/PMMA films were 

used to sandwich the ZnO/PVDF film. The PMMA layer was then removed 

from the graphene by washing the film with acetone several times. The Cu tape 

was attached on the corner of fabricated thin film speaker and used as contact 

electrode. The sound signal is connected to an amplifier and it produced time 

variable voltage (AC electric field) to generate sound wave with attractive and 

repulsive forces [77]. A dScope Series IIIA (Prism Sound Co., UK) audio 

analyzer was used to quantity the acoustic actuator performance from 10 Hz to 

20 kHz. 

The fabricated film speaker is placed in a soundproof chamber to isolate 

noise and reflection interference. The dynamic microphone, which is connected 

to an audio analyzer, is placed 10 cm above the fabricated film. The frequency 

response acoustic output of the film was received by the microphone, and the 

swept signals were measured by audio analyzer. Additionally, the fabricated 

film speaker is located in a soundproof chamber to isolate noise and reflection 

interference as same as speaker test method. The electrical resistance was 

measured using a Keithley 2400 source meter.  
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3. RESULTS AND DISCUSSION 

3.1. Fabrication of PVDF Thin Film with Free-standing Rod-like 

ZnO for Pressure and Temperature Gauge Sensing 

3.1.1. Fabrication of PVDF thin film with free-standing ZnO rod 

Figure 7 show a schematic diagram and photograph of the flexible 

multilayer device. The ZnO nanorods were then grown, followed by a 

hydrothermal treatment. A large areal density of ZnO nanorods was embedded 

in the PVDF on a rGO treated flexible polyethylene terephthalate (PET) thin 

film. A top electrode of conductive ink was coated onto the PVDF/ZnO 

nanorods composite film using inkjet printing.  

The ZnO nanostructures were fabricated using a seed solution, which was 

spin-coated onto the rGO-treated PET film. The ZnO nanostructures were 

grown from a mixture of zinc nitrate hexahydrate and hexamethylenetetramine. 

FE-SEM images reveal that a high density of ZnO nanorods (1.42 ´ 1010 cm-2) 

and disks were formed (Figure 8a and b). Furthermore, HR-TEM images show 

that the ZnO nanorods and nanodisks had a well resolved single-crystalline 

wurtzite structure, with a lattice constant of 0.52 nm in the [0001] growth 

direction [80]. This indicates that they formed a uniform hexagonal crystal 

structural without crystalline defects (see inset Figure 8a and b). The length of 

the ZnO nanorods was ~ 300 nm, and the diameter was ~ 85 nm; the ZnO 
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nanodisks were ~ 30 nm in length and ~ 100 nm in diameter. To investigate the 

crystal structure of the ZnO nanorods and nanodisks, XRD analysis was carried 

out, as shown in Figure 9. All of the diffraction peaks could be clearly indexed 

to the hexagonal ZnO with a lattice constant of c = 0.5206 nm, which is in 

good agreement with that of ZnO along the c-axis. The prepared ZnO was 

mixed a PVDF solution, which was then drop casted to form a PVDF/ ZnO mat. 

The PVDF/ZnO films were drawn at an elevated temperature and poled under a 

strong constant electric field at 30 kV/mm to transform the α phase to β phase. 

The setup for poling process under constant electric fields, the high voltage 

power supply which is connected in series with the fabricated film and with an 

oscilloscope for measuring the poling current using an additional resistor in the 

electrical circuit as shown in Figure 10a. The film is placed between upper and 

lower aluminum plate and 30 kV/mm was applied along the parallel direction 

to the film by power supply for 3 min and 5times (Figure 10b). The measured 

poling signal as well as a signal which represents the poling voltage are stored 

in the oscilloscope. Additionally, the temperature was maintained 110 °C 

during a frequency run. 

  

  



 36

 

 

 

 

Figure 7. (a) Schematic diagram and (b) a photograph of the device consisting 

of the PVDF/ZnO composite film and rGO electrodes.  
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Figure 8. SEM images and lattice structure of the (a) ZnO nanorods and (b) 

ZnO nanodisks  
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Figure 9. XRD spectra to investigate the crystal structure of the ZnO nanorods 

and disks. 
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Figure 10. a) Setup for electrical poling process along the parallel to the film 

and b) time dependence of the applied electrical fields. 
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Figure 11 shows an AFM image of the fabricated GO ink, which was a few 

microns thick, and was composed of 2–3-nm-thick bilayers, as well as some 

multilayers (>3 nm). To demonstrate the reduction of GO solution to graphene, 

XPS and Raman spectroscopy analysis were carried out. Figure 12 shows 

deconvoluted C 1s XPS spectra of the inkjet-printed GO and the reduced GO 

(rGO) sheets [81]. The C 1s signal of GO has three main components: the C=C 

and C−C bond vibrations in the in aromatic rings (285.0 eV), C−O (286.5 eV) 

in epoxy or hydroxyl groups, and C=O (288.5 eV) peaks originating from 

carbonyl and carboxyl groups. The ratio IC−O/IC−C decreased from 1.1440 (GO) 

to 0.2432 (rGO). In addition, a Raman spectrum of the printed rGO sheets on 

the substrate film is shown in Figure 13. The Raman spectra of rGO clearly 

exhibited the  characteristic peaks of the D band (~1350 cm-1), which indicate 

the typical defects ascribed to structural edge effects, such as epoxides 

covalently bonded to the base plane, the G band (~1580 cm-1), which indicates 

a graphite carbon structure, and the ration of ID/IG was 0.77. 
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Figure 11. Representative AFM image of the exfoliated GO as a conducting 

ink for inkjet printing. 
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Figure 12. XPS spectrum with fitted lines of the pristine and rGO solution for 

C–C, C–O and C=O bonds. 
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Figure 13. a) Deconvoluted XPS spectrum of patterned GO films by repeat 

inkjet printing for 30 passes (top image) and graphene sheets resulted from the 

reduction procedure (bottom image) in the C1s region. Fit lines are labeled as: 

C−C, C−O and C=O bonds. 
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The piezoelectric and pyroelectric properties of PVDF are strongly 

dependent on the β-phase content, owing to large net dipole moment, which 

originates from the all-trans structure4,34. Therefore, FTIR spectroscopy was 

carried out to investigate the strong dielectric potential, based on the ratio of 

the α and β phases (Iβ/Iα), and the fraction of the β phase, as shown in Figure 14. 

Assuming that the IR absorption follows the Beer-Lambert law, β content in 

the PVDF can be measured from [82-83]:  

 ( ) =
  

  +   
=

  

(  /  )  		+   
 

where   and    are the absorbance at 766 and 840 cm-1, respectively, and 

   = 6.1 × 104 cm2/mol and    = 7.7 × 104 cm2/mol are the absorption 

coefficients of α and β phases at the respective wavenumbers4. The PVDF thin 

film exhibited Iβ/Iα = 2.33, which corresponds to an 85% β phase. (For 

comparison, commercially available PVDF exhibited Iβ/Iα = 1.29, which 

corresponds to a 73% β phase content.) 
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Figure 14. FTIR spectra of PVDF film fabricated as part of this work, and a 

commercially available PVDF film. 
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Generally, PVDF with a high β phase content exhibits enhanced 

piezoelectric and pyroelectric responses, due to fact that the dipoles are aligned. 

The polymer PVDF and semi-conductor ZnO are one of representative 

dielectric materials which is a substance that inducing electricity by dielectric 

polarization under electric fields. Especially, the considerable matter of ZnO in 

our experiment is behavior as role of fillers in the PVDF, whereas matter of 

conductivity since it is not modified as a transistor. In our previous paper, we 

reported the function of high permittivity nanofillers for PVDF. As presented 

figure 14 in the manuscript, it is denoted that ZnO enhanced the crystallinity of 

PVDF β phase Also, Figure 15 shows that observed POM of the crystal growth 

of PVDF with various ZnO fillers. All samples were isothermally crystallized 

at 170 °C and maintained for 240 s, and it cooled down to observe crystal 

growth morphology. During poling process of film, high external voltage was 

applied on the film and polarized ZnO induced β phase of PVDF. Thus, 

regardless of ZnO morphology, it is clarified that ZnO acts as nuclei for PVDF 

crystallization. However, the sensitivity of detecting pressure capability 

showed difference because of aspect ratio of ZnO rods and disks. Since free-

standing ZnO rod had large aspect ratio (AR = 3.5) than disk (AR = 0.3), 

polarization at the each upper and lower terminals are easily occurred by 

applied vertical pressure2. Considering these results, ZnO improves 
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permittivity of PVDF, thus enhanced PVDF with ZnO rod enable to fabricate a 

highly sensitive tactile sensor. Therefore, we may expect favorable permittivity 

and losses of sensors fabricated using various ZnO and PVDF thin films. The 

dielectric properties of PVDF with the embedded ZnO nanorods can be 

estimated using the Havriliak-Negami and Fourier transfer relationship; i.e. 

[84]: 

ε∗ = 	 ε + iε" 	= ε +
  

{  (   )   } 
, 

Where ε  is the dielectric constant, ε" is the dielectric loss; the permittivity is 

therefore given by:  

Δε =	  -	   

where    is the static permittivity (i.e., when lim →  
∗( )), and    is the 

high-frequency permittivity (i.e., when lim →  ∗( )).  

The measured permittivity of the samples are listed in Figure 16 and Table 1. 

In general the permittivity of a dielectric is larger at lower frequencies than at 

higher frequencies, and embedding the ZnO in the PVDF significantly 

increased the dielectric constant. In particular, the ZnO nanorods possessed a 

greater dielectric constant than the ZnO disks, which is attributable to the 

larger aspect ratio of the ZnO nanorods, which resulted in a larger energy 

barrier. The relaxation time   is related to the gradient of the loss factor that is 

associated with the interfacial polarization response of the dielectric material.  
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The relaxation time is given by: 

  = 
 

      	
, 

where      is the frequency of the peaks in the loss spectrum36. We 

find a relaxation time of   = 159 for the PVDF,   = 130 µs for the ZnO 

nanodisks, and   = 121 μs for the ZnO nanorods (see Table 1). Based on these 

dielectric parameters, the inclusion of ZnO in the PVDF film significantly 

increased the permittivity and reduced the polarization response time of the 

PVDF-based sensor devices. Since ZnO nanorods with PVDF possessed a 

higher dielectric constant, the concentration of seed solution was controlled to 

investigate effects of ZnO rods density. Approximately 30 wt% of zinc acetate 

dissolved seed solution grow 1.42 x 1010 cm-2, and 25 and 35 wt% represent 

0.68 x 1010 cm-2 and 2.54 x 1010 cm-2 of ZnO rods. As a result, 25 wt% of zinc 

acetate solution sparsely grow ZnO rods compare to 30 wt% of seed solution 

which result in reduced dielectric properties. Additionally, 35 wt% of seed 

solution limits dielectric properties of fabricated sample because exceeding 

density of ZnO rods caused aggregation between rods (Table 2). 
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Figure 15. Polarized optical microscopy image of a) pristine PVDF, b) 

PVDF/ZnO rods, c) PVDF/ZnO disks. 
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Figure 16. The permittivity and losses of the tactile sensor fabricated with 

PVDF and different ZnO nanostructures. 
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Table 1. The dielectric parameters of the PVDF film and the two composite 

ZnO/PVDF films. 

Sample ε
S
 ε

∞
 Δε a λ[μs] b 

PVDF/ZnO rod 291 73 218 101  
PVDF/ZnO disk 192 54 138 120 

Pristine PVDF 22 13 9 157 
a Values were calculated by Havriliak-Negami and Fourier transforms 

relationship 
b Values were obtained by interfacial polarization response by relaxation time. 
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Table 2. Relevant dielectric parameters at 104 Hz for PVDF/ZnO nanodisk 

composite with various filler contents. 

Sample ε' λ[μs]  
PVDF film based on 25 wt% seed 122 128  
PVDF film based on 30 wt% seed 140 121 

PVDF film based on 35 wt% seed 134 122 
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3.1.2. Bifunctional tactile sensor for pressure and temperature 

To compare the pressure-sensing properties of the PVDF and ZnO/PVDF 

composite films, pressure stimuli were used, and the performance was 

measured from the change in the electrical resistance; i.e., ΔR = 

Rloading	−	RUnloading (Figure 17). The assembled device had an overlap area of 6 

´ 6 cm2, and was measured with a gradual increase in pressure. Figure 18 

shows how the composite device formed of PVDF, ZnO nanorods and ZnO 

nanodisks responded to application of a constant pressure. The surface of 

compressed ZnO nanorods generates a negative potential, and the electrical 

contact with the rGO electrode layer and the forward bias of the Schottky 

barrier at the interface results in a change in the resistance of the device. The I-

V characteristic curves of bare ZnO nanorods and ZnO nanorods with rGO 

electrode were evaluated by current-sensing AFM (CSAFM) at 300 K in 

Figure 19 [85-88]. The I-V curves of pristine ZnO nanorods were evaluated by 

CSAFM (Figure 19a.). As a result, the point contact on pristine ZnO nanorods 

showed nonlinear and asymmetric behavior as respected under contact force of 

30 nN. Moreover, it has a turn-on voltage of 0.75 V to 1.1 V for the forward 

bias and reverse bias voltage of -2.1 V that results from rectifying contact in 

Figure 19b. Also, improved electrical characteristics of ZnO with rGO 

deposition was obtained in the same manner as shown in Figure 20a and a 

typical I-V curve between CSAFM tip and rGO layer was observed in Figure 
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20b which the rectifying behavior in I-V characteristics results in Schottky 

contact. A difference in the response ΔR to the same pressure was observed 

between devices, and the PVDF/ZnO nanorods composite device exhibited the 

greatest signal in response to a given stimulus. Because of the 1D structure of 

the vertically grown ZnO nanorods, they generate an enhanced piezoelectric 

response to mechanical displacement than the ZnO nanodisks. The larger 

aspect ratio and permittivity lead to a change in the electrical resistance in 

response to even a slight deflection of the ZnO nanorods.  

 The pressure-sensing capability of the system was evaluated from the 

response ΔR, as shown in Figure 21. The smallest detectable pressure using the 

PVDF/ZnO nanorod film was 10 Pa (giving ΔR = 0.062 Ω), which corresponds 

to 1 mg mm–2, which is 1000-fold more sensitive than the minimum 

requirements for artificial skin. The response times of the output signals from 

PVDF/ZnO nanorod device were obtained under various pressures at 20°C. 

The recovery times exhibited similar as shown in Figure 22 and 23. 

Additionally, three different conducting material of rGO, CNT and poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) were candidate 

to demonstrate pressure sensitivity as a function of  various electrode (Figure 

24). The sheet resistances of commercial PEDOT:PSS (Sigma-Aldrich) and 

carbon nanotubes (CNT) (Sigma-Aldrich), and synthesized rGO were 34, 10 
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and 0.7 kΩ/sq. As a result, PVDF/ZnO rods with rGO electrode has highest 

sensitivity under constant pressure compare to other electrode utilized device.   
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Figure 17. Schematic illustration of the pressures sensing measurement which 

consists of a pressure controller, pressure gauge sensor and computer based 

resistance analyzing interface. 

 

  



 57

 

 

 

 

 

Figure 18. The change in resistance of the pristine PVDF, and the PVDF/ZnO 

composite films. In response to an applied pressure of 30 Pa, showing the 

response time. 
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Figure 19. Schematic illustration of (a) current-sensing AFM method and (b) I-

V characteristic curve of a pristine ZnO rod.   
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Figure 20. Schematic illustration of (a) current-sensing AFM method and (b) I-

V characteristic curve of a ZnO rod with rGO.  
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Figure 21. The change in resistance of the pristine PVDF, and the PVDF/ZnO 

composite films. Testing the minimum pressure level of the films at 20°C.  

 

  



 61

 

 

 

 

 

Figure 22. The response times of the PVDF film, the ZnO nanodisk/PVDF 

film, and the PVDF/ZnO nanorod with various pressures. 
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Figure 23. The recovery times of the PVDF film, the ZnO nanodisk/PVDF 

film, and the PVDF/ZnO nanorod with various pressures. 
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Figure 24. Change in resistance of PVDF/ZnO nanorod composite film with 

three different electrodes by applied various pressure. 
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To investigate the spatial resolution of the pressure-sensing ability, 

ZnO/PVDF devices were fabricated, as shown in Fig. 6. The film was divided 

into 144 regions, each 0.5 ´ 0.5 cm2, and Pt weights were used to apply a 

pressure of 30 Pa at each division, one at a time. The output signal was 

measured from the change in the resistance using a pseudocolor plot, as shown 

in Figure 25a. The two-dimensional (2D) intensity profiles of the PVDF/ 

PVDF/ZnO nanorod film are shown in Figure 25b, and the 2D intensity profile 

of that formed using the PVDF/ZnO nanodisk film are shown in Figure 25c. 

The distribution of the operational device area containing the ZnO nanorods in 

the PVDF thin film was 96%, and that containing the ZnO nanodisks was 77%. 

As the areal density of ZnO nanorods was larger, and significant aggregation 

did not occur, in contrast to the ZnO nanodisks, and so we may expect a more 

uniform pressure sensitivity with the PVDF/ZnO nanorods composite film.  

The device composed of the PVDF/ZnO nanorods composite was used to 

measure the output signals with various temperatures and applied pressures. To 

evaluate the pyroelectric response, a pressure of 30 Pa, was applied at 20, 70, 

and 120°C in the center of device, as shown in Figure 26. We found that the 

response was slower, and the recovery time longer, at higher temperatures. 

This is because the pyroelectricity originated from the PVDF, and the thermal 

energy released from the heated weight on the surface of PVDF thin film 
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resulted in slower motion of the dipoles [89-96]. Loading at 20°C resulted in a 

recovery time of 190 ms, loading at 70°C resulted in a recovery time of 680 ms, 

and loading at 120°C in a recovery time of 1150 ms.  

As shown Figure 27 and 28, reproducible responses to changes in temperature 

and pressure were obtained. The independence of ∆R and the recovery time 

enabled measurement of pressure and temperature independently. Compare to 

obtained respons and recovery time, it is found that recovery time has wide 

delayed time range, 1150 ms at 120 °C with 30 Pa whereas delayed response 

time observes 92 ms. Additionally, the analyzed uniformity of temperature-

sensing at the fabricated ZnO nanorods embedded PVDF thin film was 94% 

(Figure 29). Considering these results, it is worth nothing that investigation of 

resistance difference make it feasible to measure the weight of pressure, and 

delayed recovery time play a pivotal role in determining the temperature of 

target object. 
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Figure 25. (a) The spatial variation in the change in resistance. The effective 

area of fabricated device are 6 ´ 6 cm2. (b) The PVDF/ZnO nanorod film 

exhibited a higher pressure sensitivity than (c) the PVDF/ZnO nanodisk film. 

The film was divided into 144 regions (0.5 ´ 0.5 cm2) and Pt weights were 

used to apply a pressure of 30 Pa at each division, one at a time. 
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Figure 26. The output resistance of the PVDF/ZnO nanorod device at 

various temperatures, 20, 70, and 120°C, under constant pressure of 30 Pa in 

the center of device. 
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Figure 27. The response time of PVDF/ZnO nanorod film at the different 

pressures with various temperatures. 
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Figure 28. The recovery time of PVDF/ZnO nanorod film to the different 

pressures at various temperatures. 
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Figure 29. (a) The spatial variation of recovery time distribution by mille 

seconds. (b) . The fabricated PVDF/ZnO rod based film (effective area of 6 ´ 6 

cm2) was divided into 144 regions (0.5 ´ 0.5 cm2) and 70°C of Pt weights were 

used to apply a pressure of 30 Pa at each division, one region at a time, and it 

shows that 94 % of reliable uniformity by visual color distribution for recovery 

time of 679~682 ms which represents surface temperature of 70°C.    
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Mapping data of the two independent factors was evaluated based on 

external pressure loaded simultaneously and the temperature of the device. As 

shown in Figure 30a, the applied pressure changed the resistance. Increasing 

the temperature of the object placed on the then film to apply the pressure 

increased the recovery time of the signal, and so the temperature of object 

could be calculated based on the recovery time. To investigate the scope for 

simultaneous pressure and temperature sensing in real time, a 15-µL mineral 

oil droplet dropped from an initial height of 1.5 cm was measured under a low-

noise environment, as shown in Figure 30b. Data were collected during the 

initial impact, and during the time when the droplet rebounded from the surface, 

and impacted again, bouncing on the surface over a period of 1.2 s, as shown in 

Figure 31. The maximum signal at 20°C following the impact of the droplet 

onto the film was ΔR = 1.62 Ω, which is equivalent to a pressure of 90 Pa; the 

recovery time was 180 ms. The signal when a droplet with an unknown 

temperature was dropped from the same height was monitored. The maximum 

response was ΔR = 1.61 Ω. However, recovery time was 815 ms, which 

corresponds to a droplet temperature of 80°C. The difference in the two peak 

shapes is attributable to the difference in the sample temperature of each 

droplet. The 20ºC droplet that impacted on the film did not heat the film, 

because they were at an identical temperature. Therefore, the bouncing 
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movement of a droplet can be detected after its first impact at 510 ms. 

However, the 80°C droplet was able to transfer both kinetic energy and heat to 

the film. For this reason, the recovery time was prolonged. Therefore, this 

system enables independent measurement of pressure and temperature based 

on the magnitude of the change in the resistance and the recovery time of the 

signal. 
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Figure 30. The relationship between external pressure and the temperature of 

the object placed on the device to induce a pressure response. (a) The change in 

the resistance and recovery time. (b) Pseudocolor plots showing the applied 

pressure on the PVDF/ZnO nanorod film. 
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Figure 31. The relationship between external pressure and the temperature of 

the object placed on the device to induce a pressure response. (a) The response 

to impact of a droplet with an unknown temperature. (b) The recovery time 

shows that the temperatures of the droplets were 20ºC and 80ºC, and the 

pressure was 90 Pa. 
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3.2. Fabrication of PVDF Thin Film with Free-standing Needle-like ZnO 

for Wireless Heart Rate Monitoring 

3.2.1. Fabrication of PVDF thin film with free-standing needle-like 

ZnO rod 

As piezoelectric materials for pressure sensor, ZnO nanorod and needle were 

grown via the hydrothermal approach [97-98]. The morphology of ZnO has 

controlled by hydrothermal time and concentration of growth solution. At the 

early stage of hydrothermal method, ZnO nucleates spontaneously from the 

ionized Zn(OH)4
2- seed to hexagonal nanostructure, and it can be grown one 

dimensional rod by increment of temperature and concentration. FE-SEM 

images reveal that high density of ZnO nanorod (1.42 × 1010 cm-2) and 

nanoneedle (1.01 × 1010 cm-2) were successfully formed (Figure 32a and b). 

The length of ZnO nanorod and nanoneedle was measured to be ca. 300 and 

280 nm with diameters of ca. 100 nm and 50 nm, respectively. The XRD 

analysis for ZnO nanorod and nanoneedle indicates that all of the diffraction 

peaks can be exactly indexed to the hexagonal ZnO with lattice constant c = 

0.5206 nm, which is in good alignment of the ZnO along the c-axis direction 

(Figure 33). 

For the piezoelectric film matrix, PVDF was fabricated by spin coating and 

poling treatment. The FTIR analysis for pristine PVDF, PVDF/ ZnO nanorod 
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and PVDF/ ZnO nanoneedle film has been performed to investigate the 

crystalline ratio of α and β phase (Iβ/Iα), since the piezoelectric property of the 

PVDF is strongly dependent of its β phase content owing to high net dipole 

moment originated from the all-trans structure (Figure 34). Assuming that the 

IR absorption follows the Beer-Lambert law, the PVDF/ ZnO nanorod and 

PVDF/ ZnO nanoneedle hybrid film had an increased Iβ/Iα ratio of ca. 2.33 (85 % 

β phase) and ca. 2.47 (93 % β phase), respectively, which compared to the 

pristine PVDF film (Iβ/Iα ratio of ca. 1.29 with 73 % β phase content). To 

achieve an in depth insight into crystallization behavior by ZnO nanofillers in 

the PVDF matrix, the DSC analysis was conducted (Figure 35). The observed 

crystallization exothermic peaks are observed in the range of 160 to 170 °C, 

and it was confirmed the role of ZnO nanofillers acted as nucleation agents of 

PVDF according to increase of crystallization temperature (Tc) compared to 

pristine PVDF. The relative degree of crystallinity as a function of time, X(t), 

can be calculated from relative crystallinity as a function of temperature, X(T), 

by transforming the temperature to a time scale. It indicated that crystallinity of 

PVDF was the most rapidly formed with ZnO nanoneedle (Figure 36). 

Furthermore, the inset data indicates the natural logarithmic form of Ozawa 

equation to investigate non-isothermal crystallization of kinetics, which 

demonstrated that the highest crystallization rate constant (k) of 0.05659 could 
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be obtained with ZnO nanoneedle fillers (Supporting Information). The 

detailed value has been displayed in Table 3. Moreover, POM morphology of 

the crystal growth shows that the amounts of spherulites have significantly 

increased with addition of ZnO nanofillers, which means that the ZnO acts as 

nuclei for PVDF crystallization (Figure 37) [99]. Furthermore, it can be 

inferred that the reinforced crystallization behavior is intimately proportional to 

content of β phase. 

The permittivity and loss factor for three different films were measured as 

shown in Figure 38. According to the Havriliak-Negami and Fourier transfer 

relationship, the measured permittivities of the samples are listed in Table 3. In 

overall, the permittivity is larger at lower frequencies than at higher 

frequencies, and embedding the ZnO nanofiller in the PVDF matrix 

significantly increased the dielectric constant. Especially, the ZnO nanoneedle 

possessed a greater dielectric constant than the ZnO nanorod due to the larger 

aspect ratio, which resulted in a larger energy barrier. The relaxation time,  , 

is related to the gradient of the loss factor that is associated with the interfacial 

polarization response of the dielectric material. We found that a relaxation time 

for pristine PVDF, ZnO nanorod/PVDF and ZnO nanoneedle/PVDF was 

estimated to be 157, 120 and 101 μs, respectively. Based on these dielectric 

parameters, the inclusion of ZnO in the PVDF film significantly increased the 
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permittivity and reduced the polarization response time of the PVDF-based 

pressure sensors. 

  



 79

 

 

 

 

Figure 32. Low and high magnification of SEM images for ZnO (a) nanorod 

and (b) nanoneedle. 
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Figure 33. XRD spectra to investigate the crystal structure of the ZnO 

nanorods and nanoneedle. 
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Figure 34. FTIR spectroscopy of pristine PVDF, ZnO nanorod/PVDF and ZnO 

nanoneedle/PVDF film. 
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Figure 35. DSC thermograms of pristine PVDF, PVDF/ZnO nanorod and 

PVDF/ZnO nanoneedle film. 
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Figure 36. The data represented by relative crystallinity as a function of time 

for three different films (Inset: The plot of   [−   (1 −   )] versus In t for 

thermal behavior parameters). 
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Figure 37. Polarized optical microscopy images of pristine PVDF, ZnO 

nanorod/PVDF and ZnO nanoneedle/PVDF film.  
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Figure 38. Dielectric properties such as permittivity and losses of the hybrid 

films.  
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Table 3. The values of n, k, t1/2 and dielectric parameters for pristine PVDF and 

ZnO/PVDF hybrid films. 

Sample n a k a t1/2
 a Δε b  /[μs] c 

Pristine PVDF 3.004 0.00145 2.101 9 157 

PVDF/ ZnO nanorod 1.945 0.04561 1.512 213 121 

PVDF/ ZnO 

nanoneedle 
1.875 0.05659 1.498 274 97 

a These values were obtained by Ozawa analysis of samples using DSC. 
b Data calculated using the Havriliak-Negami and Fourier transform 

relationship. 
c Data were obtained via the interfacial polarization response relaxation time. 
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3.2.2. Wearable and wireless heart rate sensor 

Figure 39 shows the photograph of a wireless heart rate monitoring system 

composed of pressure sensor, signal analyzer, Bluetooth transmitter and smart 

phone. To operate the wireless smart sensor, an electrical Bluetooth transmitter 

circuit was installed. The piezoelectric signal generated by the pulse has been 

delivered onto the Bluetooth circuit via signal analyzer to transmit wireless 

signal to the smart phone, and the smart phone screen presented the received 

pulse signal in real time. Figure 40 demonstrates the schematic illustration of a 

flexible pressure sensor based on free-standing ZnO filler in the PVDF film (ca. 

45 μm thickness) between rGO electrodes. The I-V characteristic curve of the 

hybrid film with rGO electrodes represents that the point contact on the ZnO 

surface has the nonlinear and asymmetric behavior under contact force of 30 

nN, which indicated of Schottky contact (Figure 41). Work function of rGO 

and ZnO was assumed to be 4.31 and 3.95 eV, respectively. Energy diagrams 

of rGO/n-type ZnO junction at equilibrium and under applied potential have 

been shown in Figure 42. Since the junction is rectifying contact, electron can 

flow from ZnO to rGO electrode via forward bias, while flow toward reverse 

direction is not facilitated. Inset shows a turn-on voltage ~1.8 V for the forward 

bias and the voltage has been almost maintained under pressure. Where the 

voltage is applied over ~1.8 V, the current of the hybrid device under the 
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compressive strain has decreased with increased voltage, which presents the 

downward I-V behavior. The phenomena can be explained in terms of the 

piezotronic effect, which describes the coupling of piezoelectric polarization 

and the intrinsic electric field in a space charge region. Once a compressive 

strain is applied to ZnO, it can produce a permanent polarization that induces 

non-mobile negative ionic charges at the rGO and ZnO interface. Since free 

electrons can partially screen the piezo-charges due to the finite permittivity 

and the limited doping concentration, the positive charges have produced at the 

metal side by mirror effect. It causes the negative piezopotential at the rGO and 

ZnO interface, which can shift the fermi energy level. As a result, the Schottky 

barrier height becomes pronounced, and thus a resistance has increased. The 

well-defined rGO pattern has been successfully printed on the PCB board of 

Bluetooth transmitter using rGO conducting ink for screen printing, and it can 

be utilized for the Bluetooth antenna (Figure 43). 
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Figure 39. Photograph of wearable and wireless pressure sensor for heart rate 

monitoring.  
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Figure 40. Schematic diagram of the pressure sensor using free standing 

ZnO/PVDF hybrid film between rGO electrodes. 
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Figure 41. The I-V characteristic curve of the hybrid device that rectifying 

behaviour of Schottky contact under compressive strain. The insets show a log 

I vs V plot and schematic illustration of forward bias when pressure is applied.  
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Figure 42. Energy diagrams of rGO/ZnO junction a) at equilibrium and b) 

under forward bias.  
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Figure 43. Fabrication of rGO-based Bluetooth antenna pattern on PCB board 

via screen printing and (e) photograph of the Bluetooth transmitter with rGO-

based antenna to transmit inputted pulse signal to the smart phone. 
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For the fabrication of the rGO film onto the both sides of ZnO/PVDF 

hybrid film, exfoliated GO aqueous solution was used as conductive ink for 

screen printing, and the thermal annealing for a reduction process was 

performed under vacuum condition (ca. 10-3 torr). The hydrophilic property 

and good dispersibility of the GO solution could make it possible to be printed 

onto the hybrid film through an open mesh area. As a result, rGO electrodes 

could be efficiently synthesized over a large area (6 × 6 cm2). To confirm the 

successful reduction of exfoliated GO to rGO, XPS and Raman analysis were 

conducted (Figure 44). The XPS results showed that the IC–O/IC–C ratio has 

decreased from 0.88 (GO) to 0.23 (rGO). Moreover, the Raman spectra 

indicated an increased ID/IG intensity ratio, which suggested a decrease in the 

average size of the sp2 domains upon reduction of the exfoliated GO. Judging 

from these data, it was evident that the printed GO was successfully reduced to 

rGO film by the hydrazine vapor as a reducing agent. 

Figure 45a represents the return loss curve of rGO and commercial gold 

pattern-based Bluetooth antenna. Generally, the performance of an antenna is 

evaluated using its mean frequency and voltage standing wave ratio (VSWR) 

or return loss (RL), which is indicative of transmitted power efficiency [100]. 

The rGO and gold pattern-based antennas had mean frequencies of 2.43 and 

2.42 GHz, respectively. The VSWR (1.38) and RL (15.9) values of the rGO 
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pattern-based antenna indicated transmitted power efficiency of 97.5%, which 

is comparable to that of gold pattern-based antenna (Table 4). The power gain, 

which combines the antenna directivity and radiation efficiency, of rGO 

pattern-based antenna was measured. Especially, radiation efficiency indicates 

of the ohmic/dielectric power loss in the antenna itself, and thus it is a measure 

of the radiating electromagnetic energy that propagates into the surrounding 

space through the antenna. Figure 45b shows that the rGO pattern-based thin 

film acted as omnidirectional antennas with relatively low gain along the 

substrate direction with a resultant interruption in wave propagation. As a result, 

the rGO pattern-based antenna exhibited a peak gain of 2.70 dBi with a higher 

radiation efficiency of 78.38%, which was applicable to be used as a Bluetooth 

antenna to transmit wireless signal to the smart phone. 

  



 96

 

 

 

 

Figure 44. (a) XPS spectrum in the C 1s region and (b) Raman spectra of the 

exfoliated GO and rGO electrode for ZnO/PVDF hybrid film-based pressure 

sensor. 
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Figure 45. (a) The return loss curve of rGO and gold pattern-based Bluetooth 

antenna. (b) The radiation 3D pattern of rGO pattern-based Bluetooth antenna. 
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Table 4. VSWR, return loss (RL) and transmitted power values of rGO and 

gold pattern-based Bluetooth antenna. 

Sample VSWR RL (dBi) a Transmitted power (%) 

RGO 1.38 15.90 97.5 

Gold 1.19 21.66 99.2 
a These values were acquired in the E5071C ENA RF Network Analyzer of 

Agilent Technologies. 
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In order to compare the pressure sensing ability of the pristine PVDF and 

ZnO/PVDF hybrid films, a mechanical stimulus of pressure was inputted, and 

the performance was confirmed by changes in electrical resistance (ΔR = 

Rloading 	−	RUnloading). In our experiment, the optimized film thickness was 

assumed to be ca. 80 μm considering the minimum pressure detection limits 

and response times. Figure 46 shows that the thickness is associated to the 

minimum pressure detection limits and response times. The minimum pressure 

detection limits for hybrid films with 60, 80, and 100 μm thickness were 3.8, 

4.2, and 12.3 Pa, respectively. In addition, comparing response time values 

were 111, 124, and 163 ms, respectively. These results demonstrate that over 

100 μm-thickness of film is unsuitable for our sensing system. Furthermore, 

the main difference of 60 and 80 μm was an error bar distribution. Namely, the 

60 μm of film has more rapid time but inaccurate mean times than 80 μm 

hybrid film. For this reason, the optimized film thickness was assumed to be ca. 

80 μm. Figure 47 illustrate the performance of three different pressure sensors 

as a function of the applied constant pressure (10, 25 and 50 Pa). Overall, the 

ZnO/PVDF film-based pressure sensors had a faster response time and higher 

changes in electrical resistance for output signals than pristine PVDF film-

based device. Improved permittivity of the hybrid film enables to have a high 

electronic polarizability under pressure, which causes increased negative 
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piezopotential and the Schottky barrier. Thus, the electron flow by forward bias 

has reduced, which resultant in the high resistance change. Notably, the lowest 

detectable pressure of ZnO nanoneedle/PVDF film showed as small as 4 Pa 

(giving ΔR = 0.062 Ω), which was extremely smaller than the pressure induced 

by a gentle touch (≈1.2 × 104 Pa) (Figure 48). Because slight movement and 

deflection of ZnO nanoneedle with large aspect ratio and high permittivity by 

applied pressure can be interpreted as a scalar change of electrical resistance. 

Furthermore, ZnO nanoneedle/PVDF film-based pressure sensor maintained its 

sensing ability after repeated loading-unloading of pressure (1,000 cycles), 

which ΔR was ca. 0.12, 0.24 and 0.36 Ω under applied pressure of 5, 15 and 20 

Pa, respectively (Figure 49). In addition, the ΔR value has slightly reduced 

with decreases in curvature radius, and it was well recovered after bending 

(Figure 50). Moreover, aging data with bending cycle demonstrated that the 

durability of pressure sensor was maintained until 1,000 times (Figure 51). 

The initial ΔR under applied 5 Pa of film was ca. 0.12, and 0.36 Ω after 

bending. It demonstrated that the durability of pressure sensor was maintained 

until 1,000 times. Judging from these results, it was evident that fabricated 

ZnO nanoneedle/PVDF film could be applied for the wearable and durable 

pressure sensor. 
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The different sensor performance between ZnO nanorod and nanoneedle 

would be attributed to the geometrical figures. Namely, the nanorod is c-axial 

grown hexagonal straight structure, whereas nanoneedle is closer to hexagonal 

vertical grown pyramid form, which causes the discrimination of piezoelectric 

effect (Pz) (Figure 52). In general, the deflection (dz) of the ZnO generates a 

positive strain field (Sz) with the stretched surface along the z-direction of 

electric field. The piezoelectric potential can be created by the relative 

displacement of the Zn2+ cations with respect to the O2- anions, resultant in the 

wurtzite crystal structure. Therefore, these ionic charges can freely move and 

recombine with each other as releasing the strain. In our experiment, the top 

dimension of hexagonal ZnO nanorod and nanoneedle was ca. 6500 nm2 and 

1620 nm2, respectively, which led to different repulsive pressure under applied 

equal amount of force (6.5 × 10-10 N). Most of all, the elastic modulus 

quantifying the resistance to elastic deformation for the ZnO nanorod/PVDF 

and nanoneedle/PVDF hybrid film was measured using the AFM 

nanoindentation, and the values were estimated to be ca. 25 and 3 GPa, 

respectively. Therefore, the ZnO nanoneedle has a better piezoelectric 

performance in comparison with the nanorod.  
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Figure 46. Minimum pressure detection limits and response time of ZnO 

nanoneedle/PVDF hybrid films as a function of film thickness. 
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Figure 47. The change in resistance of pristine PVDF, ZnO rod/PVDF and 

ZnO needle/PVDF hybrid film-based pressure sensor according to the applied 

pressure of (a) 10 Pa, (b) 25 Pa and (c) 50 Pa.  



 104 

 

 

 

 

 

Figure 48. The sensitivity of three different pressure sensors with pristine 

PVDF, ZnO rod and ZnO needle. 
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Figure 49. Multiple-cycle test of ZnO needle/PVDF film-based pressure sensor 

with repeated loading-unloading of pressure in the range of 5, 15 and 30 Pa. 
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Figure 50. Resistance changes of ZnO needle/PVDF film-based pressure 

sensor with different curvature radius under constant applied pressure, 5 Pa 
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Figure 51. Aging bending cycle test of ZnO needle/PVDF film-based pressure 

sensor under constant applied pressure of 5 Pa 
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Figure 52. High magnification of SEM images and the discrimination of strain 

field under identical applied force for ZnO (a) nanorod and (b) nanoneedle. 
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On the basis of the above analysis, we have demonstrated for the first time 

that the ZnO nanoneedle/PVDF hybrid thin film was able to be applied for a 

wearable and wireless pressure sensor to monitor the heart rate. The physical 

pressure of a pulse was measured in real time after attaching the sensor directly 

onto a neck over the carotid artery and wrist, where the radial artery is closest 

to the surface, and we could monitor the heart rate via smart phone screen 

(Figure 53). The normal pulse was ca. 88 bpm whereas post-exercise (cycle 

pedaling) was ca. 121 bpm. As a result, the normal and post-exercise heart beat 

was measured more sensitively on the radial artery owing to the relatively thin 

scarfskin, which could deliver the more intense pressure on the device. The 

received wireless pulse signal showed the similar heart rate oscillation 

compared to the wire pressure sensor (Figure 54). Especially, the ability to 

detect a real-time pulse was evaluated by changing of pulse during cycle 

pedaling (Figure 55).  As a result, the intensity and frequency of pulse signal 

has increased after pedaling, and it has stabilized to the normal pulse when 

finished. In addition, the response time and signal strength indicator (RSSI) of 

the wireless pressure sensor are analyzed according to the distance between 

Bluetooth transmitter and smartphone (Figure 56). As a result, the Bluetooth 

transmitter could transmit the pulse signal to smart phone within a distance of 8 

m without distortion and time delay. 
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Figure 53. The difference in the electrical resistance of ZnO needle/PVDF 

film-based wireless pressure sensor as a function of time for measuring the 

pulse on the (a) carotid artery and the (b) radial artery of a human object. For 

the normal pulse, the heart rate was recorded as 88 bpm for 10 s, and 121 bpm 

after exercise. 
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Figure 54. Comparing measured difference in the electrical resistance of pulse 

signal that received by wire and wireless sensor using ZnO needle/PVDF film. 
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Figure 55. The sensor patched on wrist and the changing of pulse was 

monitored during cycle pedaling, and the speed of pedaling was maintained ca. 

17 km/h for 45 s.  
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Figure 56. The respond time and RSSI of the wireless pressure sensor 

according to the distance between Bluetooth transmitter and smartphone. 
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3.3. Fabrication of PVDF Thin Film with Urchin-like ZnO for  Acoustic 

Acuaotor 

3.3.1. Fabrication of PVDF thin film with urchin-like ZnO 

The SEM images reveal that the urchin-like ZnO is composed of several ca. 

400 nm nanospikes extending from the core with the overall size of ca. 1 μm 

(Figure 57a). Whereas, rod-like ZnO had the hexagonal base diameter of ca. 

85 nm with the length of ca. 300 nm (Figure 57b). The XRD analysis for the 

fabricated ZnO indicates that all of the diffraction peaks can be exactly indexed 

to the hexagonal ZnO with lattice constant c = 0.52 nm, which is in good 

alignment of the ZnO along the c-axis direction. Seemingly, urchin-like ZnO 

should favor (101) XRD characteristic peak over ZnO rod.  Nevertheless, as 

in Figure 58, the observed XRD peaks of rod-like ZnO had the greater intensity, 

it may have arouse as shown in Figure 59. Furthermore, repeated XRD analysis 

results show a small variation in (101) peak, which results from the randomly 

orientated rod-like ZnO powder. 

The polarized optical microscopy (POM) morphology of the crystal growth 

shows that the amount of spherulites has significantly increased with the 

addition of ZnO nanofillers, which means that added ZnO nanofillers act as 

nucleation sites for the PVDF crystallization (Figure 60). Furthermore, it can 

be inferred that the reinforced crystallization behavior is intimately 
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proportional to the β phase content. Consequently, increasing the deflected 

spikes of ZnO enhanced the piezoelectric potentials because partial 

polarizations which positive (outer stretched surface) and negative (inner 

compressed surface) potential induces the β phase PVDF, which also 

contributed to elevating the permittivity (Figure 61). To achieve in depth 

insight into the crystallization behavior by ZnO nanofillers in PVDF matrix, 

FTIR spectra of various PVDF films of urchin-like ZnO embedded, rod-like 

ZnO embedded, the homemade pristine PVDF, and commercial PVDF films 

were carried out (Figure 62). In additionally, differential scanning calorimetry 

(DSC) that crystallinity of PVDF is most rapidly formed with urchin-like ZnO. 

Especially, ZnO urchin shows the highest crystallization rate constant (k), 

6.654 x 10-6, values of Ozawa exponent (n), 3.114 and reaching half-time 

crystallinity (t1/2), 1.484 min (Figure 63 and Table 5).   Among different 

crystalline phases of PVDF, the β phase exhibits piezoelectric and pyroeletric 

properties due to its large spontaneous polarization, arising from the aligned 

molecular chain configuration [14]. The representative peak of the α phase, 

trans-gauche conformation, appeared at 766 cm-1, while the β phase peak, all 

trans planar zigzag conformation, appeared at 840 cm-1. The relative intensity 

of representative α and β phase peaks were then calculated in order to calculate 

the β phase content in the film, using Lambert-Beer law[15].  
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As a result, the urchin-like ZnO embedded PVDF film had a relative 

intensity of β and α phase (Iβ/Iα ratio) of 5.74 with 88 % β phase, and 

incorporating rod-like ZnO led to the ratio of 4.31 with 84 % β phase. This is 

18 % and 40 % enhancement with the incorporation of urchin-like ZnO in 

PVDF matrix compared to the homemade PVDF film and commercial PVDF 

film, respectively. Whereas the use of rod-like ZnO nanofillers has shown 12 % 

and 36 % enhancement with respect to the homemade PVDF and commercial 

PVDF films (Table 6). Judging from these results, the introduction of ZnO 

nanofillers into the PVDF matrix has successfully increased the β phase 

content. 

The enhanced permittivity, which is related to the polarization and dipole 

moment of PVDF, is the key factor for improving the piezoelectric property of 

PVDF. For this reason, the addition of ZnO nanofillers with high dielectric 

constant into the PVDF matrix makes it possible to enhance the permittivity of 

PVDF (Figure 64). The fitting lines were obtained based on Cole-Cole 

equation below[16].  

ε∗ = 	 ε + iε" 	= ε +
  

{  (   )   } 
	                                          

Where ε  is the dielectric constant, ε"  is the dielectric loss; the 

permittivity is therefore given by 

Δε =	  -	                                                                         



 117

where    is the static permittivity (i.e., when lim →  
∗( )), and    is 

the high-frequency permittivity (i.e., when lim →  ∗( )). 

In addition, Cole-Cole fitting curve is a particular case of the Havriliak-

Negami relaxation and the equation is follow:  

 ∗ =	  +
  

  (   )   	 	(0 ≤  < 1)                                      

 where Δε is associated with the electrostatic interaction between the 

dielectric materials. Also, the relaxation time (λ) is correlated with the proper 

interfacial polarization response and is related to the maximum value of 

dielectric loss (ε"). The all measured permittivities are listed in Table 6. 

The deflection of the ZnO generates a positive strain field on the stretched 

surface along the z-direction of the electric field. The piezoelectric potential of 

ZnO with wurtizte crystal structure can be created by the relative displacement 

of the Zn2+ cations with respect to the O2- anions, upon a mechanical stress. 

Therefore, these ionic charges can freely move and recombine with each other 

as releasing the strain. The urchin-like ZnO embedded PVDF film showed the 

greatest enhancement in the permittivity. It is generally accepted that the 

dielectric property of composites is strongly influenced by the interfacial 

region. From our previous work by Lee et al., we have proved the interfacial 

polarization in rod or disk ZnO nanostructure and PVDF composites attribute 

to the higher dielectric constant of their composites. 
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Therefore, the increase in the permittivity could be explained by two 

factors: the added current paths of nanospike-to-nanospike contacts among 

adjacent urchin-like ZnO nanofillers and high surface area per structure of the 

urchin-like ZnO and PVDF. It is known that a larger aspect ratio of a 

polarizable material leads to a greater dielectric constant. Each nanospike 

extending form the core, forming an urchin-like structure, has a larger aspect 

ratio compared to the rod-like ZnO, and its 3-dimentioanl structure induces 

greater non-uniform electric dipole moments upon an external electric field, 

leading to a greater polarization and thus a greater dielectric constant. Also, the 

added current paths can facilitate the transport of charges by transforming the 

arrangement of charges. In addition, due to the especial hierarchical structure 

of urchin-like ZnO, a lot of empty space between adjacent fillers and 

consequently a considerably larger surface area is conceivable compared to the 

closely-packed rod-like ZnO. Consequently, the added nanospike-to-nanospike 

current paths and increased surface area arising from the 3-dimential 

hierarchical structure of urchin-like ZnO contributed to uplifting the 

permittivity 
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Figure 57. Low and high magnification of SEM images for the fabricated (a) 

urchin-like (b) rod-like ZnO. 
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Figure 58. XRD patterns to investigate the crystal structure of the ZnO 

nanofillers.  
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Figure 59. (a) SEM image of ZnO rod power, and several crystal plan sketch 

of ZnO (b and c).  
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Figure 60. Polarized optical microscopy images of (a) Pristine PVDF film, 

PVDF hybrid films with (b) rod-like ZnO and (c) urchin-like ZnO by 

isothermally crystallized at 170 °C and maintained for 240 s then cooled down 

to room temperature to observe the crystal growth morphology. 
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Figure 61. Polarized optical microscopy images of (a) Pristine PVDF film, 

PVDF hybrid films with (b) rod-like ZnO and (c) urchin-like ZnO by 

isothermally crystallized at 170 °C and maintained for 240 s then cooled down 

to room temperature to observe the crystal growth morphology. 
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Figure 62. IR spectrum of pristine PVDF films and ZnO embedded PVDF 

hybrid films. 
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Figure 63. a) DSC thermograms of pristine PVDF and PVDF/ZnO hybrid 

films that cooled from 190 °C at a cooling rate of 10°C/min, b) Relative 

crystallinity as a function of time, and c) plot of ln[-ln(1-Xt)] versus In t for 

thermal behavior parameters. 
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Figure 64. (a) Permittivity and loss factor of the fabricated thin films and (b) 

Cole-Cole fitting curves by permittivity verse dielectric loss. 

.  
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Table. 5. Values of n, k and t1/2 for pristine PVDF and PVDF/ZnO hybrid film 

Sample na ka t1/2 (min) a Tα
c (°C) Tβ

c (°C) 

Pristine PVDF 6.214 0.630 x 10-6 2.412 167.21 169.98 

PVDF/ZnO rod 4.081 5.012 x 10-6 1.504 
 

170.01 

PVDF/ZnO urchin 3.114 6.654 x 10-6 1.484 - 170.02 

a These values were obtained by Ozawa analysis of samples using DSC. 
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Table 6. The values of β content and dielectric parameters of the commercial, 

pristine PVDF and ZnO/PVDF hybrid films. 

Sample F(β) a εS ε∞ Δεb λ (μs)c 

PVDF/ZnO urchin 88 414 211 203 101 

PVDF/ZnO rod 84 260 157 103 120 

Pristine PVDF 74 22 13 9 157 

Commercial PVDF 62 21 13 8 158 

a Data calculated using Lambert-Beer law. 

b Data calculated using Havriliak-Negami and Fourier transform relationship. 
c Data were obtained via the interfacial polarization response relaxation time. 
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3.3.2. Acoustic generator and receiver. 

Frist, urchin-like ZnO and rod-like ZnO were synthesized by chemical 

vapor deposition method and hydrothermal method, respectively [101-105]. 

The prepared ZnO was mixed a PVDF solution, which was then drop casted to 

form a ZnO/PVDF mat. The ZnO/PVDF films were drawn at an elevated 

temperature and polled under a strong constant electric field at 30 kV/mm to 

transform the α phase to β phase. The setup for poling process under constant 

electric fields, the high voltage power supply which is connected in series with 

the fabricated film and with an oscilloscope for measuring the poling current 

using an additional resistor in the electrical circuit. The resultant film was 

transparent and polarized. Subsequently, an acoustic actuator electrode was 

fabricated with few layered ca. 2 nm thick graphene, which was synthesized by 

chemical vapor deposition method. Prior to applying graphene as an electrode, 

the fabricated ZnO/PVDF film surface was treated with 3-

aminopropyltriethoxysilane (APS) to improve adhesion with graphene. Hence, 

a sandwich of the ZnO/PVDF hybrid film and graphene electrodes was 

prepared as an acoustic actuator, which was connected to a sound source and 

amplifier. As schematically illustrated in Figure 65a, the interaction between 

each nanospike on ZnO fillers generates the deflection (dz) of ZnO and a 

positive strain field (Sz) with the stretched surface along the z-direction which 
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induces the piezoelectric effect (Pz), Pz = Sz/C, where C is the piezoelectric 

effect coefficient along the positive z-axis of ZnO. Therefore, the ZnO fillers 

can enhance the piezoelectricity of the hybrid film, and it makes possible to 

fabricate a PVDF based acoustic actuator with graphene electrodes (Figure 

65b). From our previous work by Lee et al., we have discovered that the 

electrode conductivity greatly influenced acoustic actuator performance, in 

midrange and treble regions. Compared to the commercial thin film 

loudspeaker which uses PEDOT:PSS electrode, using chemical vapor 

deposition (CVD) grown graphene electrodes increased the frequency response 

in midrange and treble by 19 % and 22 %, respectively. TEM image (Figure 

66a) reveals CVD graphene with few layers and Raman spectroscopy unveils a 

graphitic structure with the ration of IG/I2D of ca. 2 (Figure 66a inset). An 

atomic force microscopy result exhibit a 2 nm multilayered graphene (Figure 

66b). 
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Figure 65. (a) A schematic illustration of the structural and interphase 

mechanism with fillers and (b) a photograph of the hybrid thin film 

loudspeaker consisting of ZnO/PVDF or pristine PVDF with graphene 

electrodes. 
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Figure 66. (a) HR-TEM (inset: Raman spectrum) and (b) AFM of the 

fabricated graphene electrode. 
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Figure 67a illustrates the piezoelectric acoustic generator performance of 

various fabricated PVDF films as a function of frequency. Notably, the urchin-

like ZnO embedded PVDF film showed the greatest improvement in all 

measured frequency regions: approximately 29 dB full-scale (72 %) increase in 

the low bass region (below 100 Hz). From our previous study with the Ba-

doped SiO2/TiO2 nanoparticles embedded PVDF film, the overall frequency 

response at low frequency was limited to above 200 Hz. However, with the 

introduction of urchin-like ZnO, the bass frequency response significantly 

improved. In addition, the total harmonic distortion in the bass region 

decreased by 82 % (Figure 67b). We suggest that this significant enhancement 

is due to the increased dielectric constant and enhanced crystallinity of PVDF 

because of the space charge interaction between the PVDF interfaces with 

embedded ZnO nanofillers. The improved midrange and treble frequency 

response is due to a decreased sheet resistance by replacing PEDOT:PSS 

electrode with graphene electrode and by embedding urchin-like ZnO which 

has added nanospike-to-nanospike current paths (Figure 68). This result 

implies that the fabricated urchin-like ZnO embedded PVDF film had the 

significant enhancement as the thin film acoustic actuator for the maximum 

sound with controlled acoustic distortion. Importantly, not only the high β 

phase content but also the added nanospike-to-nanospike current paths play a 
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key role in the improvement for the acoustic actuator. With more number of 

current paths present in the film, more electrons are transferred to the surface 

of ZnO which gets transformed to the vibrational force, generating more stable 

sound. The cyclic stability of urchin-like ZnO morphology be examined. Figure 

69a reveals the initial condition of urchin-like ZnO SEM image. First of all, 

this pristine urchin-like ZnO was modified to fabricate PVDF based hybrid 

film. After then, the film was utilized as a sound generator for 240 h 

continually. The played acoustic source was “Billie Jean” by Michael Jackson 

and the output sound was maintained for -12 dBV. Afterwards, a part of hybrid 

PVDF film was dissolved again in dimethylformamide (DMF) and the mixture 

is centrifuged in order to collect after-used urchin-like ZnO fillers. As a result, 

the visible morphology after-used ZnO seems not damaged nor distorted 

compared to the pristine urchin-like ZnO (Figure 69b). Moreover, XRD 

patterns shows identical peaks of urchin-like ZnO filler (Figure 69c).  

Additionally, the acoustic performance of tested hybrid film was compared to 

the initial condition of hybrid PVDF film (Figure 69d). Consequently, it was 

confirmed that the durability of urchin-like ZnO and hybrid PVDF film is very 

stable at least 240 working hours. Figure 70 shows the frequency response of 

the film as a function of the film thickness. The output sound level of 60 μm 

film decreased at low frequency range because of a relatively low 
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piezoelectricity, and acoustic performance of 100 μm film showed the 

decreased frequency response in midrange and treble ranges since the thick and 

heavy surface of the film obstruct the vibration of the film surface to generate 

an acoustic signal. Figure 71 illustrates the acoustic performance as a function 

of urchin-like ZnO filler contents. Loading ZnO filler enhanced the frequency 

response at the bass frequency range up until 30 wt%. However, exceeding the 

optimal filler concentration might have caused an aggregation of fillers and 

thus reduced sound level. Therefore, it showed a clear evidence that the 80 μm 

thick PVDF film with 30 wt% of ZnO urchin filler is optimum for the thin film 

piezoelectric acoustic generator for the maximum sound performance as 

represented by the enhanced frequency response with stable distortion. Since 

the fabricated urchin-like ZnO/PVDF hybrid film showed great piezoelectricity 

(piezoresistive or reverse-piezoelectricity), it makes possible to measure the 

acoustic receiving ΔR/R0-t signals (Figure 72) presented distinct patterns when 

the speaker spoke different words and phrases such as “Scientist”, “Acoustic 

actuator”, “Seoul National University’, and “I love sunny days”, a uniform 

signal of 55 dB of 500 Hz (Figure 73a and b). The use of the composite film in 

microphone is completed by analyzing piezoresistive signal on the device 

surface, which the input signal is surface pressure originated from sound 

pressure in air medium. Vocal experiment was done as described in the journal: 
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a uniform signal of 55 dB of 500 Hz was played 10 cm away from the device. 

Large sound intensity demonstrates large sound pressure on the device, 

resulting from the high air pressure on the active film. Therefore, as the 

reviewer mentioned, the high intensity of the sound (high dB) increases the 

piezoresistance and thus more distinctive peak. However, experimental data 

suggests the intensity over 90 dB resulted in high peak noise and the intensity 

below 15 dB did not convey enough sound pressure to the device To further 

investigate repeatability, the word “Scientist” and “I love sunny days” were 

recorded for three times each (Figure 73c and d). Measured ΔR/R0-t presented 

very similar profiles, including highlighted characteristic peaks and curves in 

the same word and phrases. These are mainly caused by the applied sound 

pressure and sound wave with different energy level of frequency while 

speaking. As a result, the urchin-like ZnO/PVDF hybrid film may provide a 

promising and effective method for voice recognition and receiver. 
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Figure 67. (a) The frequency responses and (b) total harmonic distortion of 

different PVDF-based thin film loudspeakers. (c) The frequency response as a 

function of the film thickness. (d) Relative efficiency of the actuators 

performance compare to the pristine PVDF acoustic actuator at 100 Hz as a 

function of the filler content. 
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Figure 68. The frequency responses of PVDF/ZnO urchin-based thin film 

acoustic actuators with CVD graphene, rGO and CNT electrodes. 
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Figure 69. Initial condition and after-used condition of urchin-like ZnO SEM 

images (a and b). Comparing c) XRD patterns and d) frequency response. 
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Figure 70. The frequency response as a function of the film thickness. 
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Figure 71. Relative efficiency of the actuators performance compare to the 

pristine PVDF acoustic actuator at 100 Hz as a function of the filler content. 
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Figure 72. (a) The schematic illustration of measurement setup to investigate 

the PVDF based acoustic analyzer. The real time change in the resistance of the 

urchin-like ZnO/PVDF hybrid film as the acoustic analyzer was monitored 

during speech.  
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Figure 73. (a) The real time change in the resistance of the urchin-like 

ZnO/PVDF hybrid film as an acoustic analyzer. (b) The phrase “I love sunny 

days” was tested in different decibels. Each spoken words and phrases show 

unique I-V peaks as a function of time (c-d). 
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4. CONCLUSIONS 

1. Nano-scaled ZnO fillers and thin PVDF film is able to provide light weight 

and flexible property for device. Moreover, PVDF based sensor can be 

simply fabricated because of easy to handle. In addition, utilizing rGO 

electrode will give competitive market price for future applications due to 

mass producible of GO. It is demonstrated the detection of two different 

independent stimuli, pressure and temperature simultaneously and in real 

time. The piezoelectric and pyroelectric properties of hybrid PVDF matrix 

with a ZnO nanofiller system enable to fabricate multifunctional gauge 

sensors. An 80-μm-thick film (which is around 15% of the thickness of the 

human epidermis), which is a highly sensitive hybrid functional gauge 

sensor, and was fabricated from PVDF and ZnO nanostructures with 

graphene electrodes. Using this film, we were able to simultaneously 

measure pressure and temperature in real time. The pressure was monitored 

from the change in the electrical resistance via the piezoresistance of the 

material, and the temperature was inferred based on the recovery time of 

the signal. Our thin film system enabled us to detect changes in pressure as 

small as 10 Pa which is pressure detection limit was 103-fold lower than the 

minimum level required for artificial skin, and to detect temperatures in the 

range 20–120 °C 
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2. The nanoneedle structure of ZnO with large aspect ratio and hexagonal 

vertical grown pyramid form could lower the elastic modulus of the hybrid 

film compared to the ZnO nanorod, which caused the improved 

piezoelectric effect. Therefore, it was was successfully fabricated based on 

the ZnO nanoneedle/PVDF hybrid film. The nanoneedle structure of ZnO 

with large aspect ratio and hexagonal vertical grown pyramid form could 

lower the elastic modulus of the hybrid film compared to the ZnO nanorod. 

Due to its high permittivity, low polarization response time and outstanding 

durability, the hybrid film can be applied for a real-time pressure sensor to 

monitor the heart rate. Notably, the lowest detectable pressure of the hybrid 

film was as small as 4 Pa. Furthermore, the reduced graphene oxide (rGO) 

electrode-based Bluetooth antenna attained high peak gain (2.70 dBi) and 

radiation efficiency (78.38%), which was applicable to be used as an 

omnidirectional antenna to transmit wireless signal to the smart phone. 

Interestingly, the received wireless heart beat signal within a distance of 8 

m was more sensitively measured on the radial artery than carotid artery 

without distortion and time delay, and it had a similar oscillation in 

comparison with the wire pressure sensor. This approach offers a valuable 

and promising tool for producing the commercial and continuous wireless 

pressure sensor for use in routine biomedical research and critical 
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healthcare. 

3. A bass frequency response enhanced flexible PVDF based thin film 

acoustic actuator was successfully fabricated. High concentration of 

various zinc oxide (ZnO) was embedded in PVDF matrix, enhancing the β 

phase content and the dielectric property of the composite thin film. ZnO 

acted as a nucleation agent for the crystallization of PVDF. A chemical 

vapor deposition (CVD) grown graphene was used as electrodes, enabling 

high electron mobility for the distortion free acoustic signals. The 

frequency response of the fabricated acoustic actuator was studied as a 

function of the film thickness and filler content. The optimized film had the 

thickness of 80 μm with 30 wt% filler content, and showed 72% and 42 % 

frequency response enhancement in bass and midrange compared to the 

commercial PVDF, respectively. In addition, the total harmonic distortion 

decreased 82 % and 74 % in the bass and midrange regions, respectively. 

Furthermore, the composite film showed a promising potential for 

microphone applications. Most of all, it is demonstrated that acoustic 

actuator performance is strongly influenced by degree of PVDF crystalline. 
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In summary, four different morphology of ZnO nanostructures were used as 

nanofillers for PVDF based thin film. Afterthen, the fabricated films were 

applied on various electronic devices. First, fabricated composite disk-like and 

rod-like ZnO/PVDF thin films, and used these structures to independently 

measure the pressure applied to the film and the temperature of the object used 

to apply the pressure. The pressure detection limit was 103-fold lower than the 

minimum level required for artificial skin, could be monitored in real time, and 

the temperature could be inferred from the recovery time of the signal.  

Second, a simple and effective strategy to fabricate the highly sensitive, 

wearable and wireless pressure sensor is demonstrated. The incorporation of 

ZnO nanoneedle, which acted as nucleating agent, allowed for enhanced 

crystallinity, permittivity and reduced elastic modulus of the PVDF-based 

hybrid film. Furthermore, the high conductivity of rGO pattern made it 

possible to have a highly efficient and omnidirectional Bluetooth antenna to 

transmit wireless signal to the smart phone. Interestingly, the wireless signal 

for heart rate was sensitively monitored without distortion and time delay, and 

it had a similar oscillation compared to using the wire pressure sensor. Lastly, 

the PVDF based acoustic actuator performance can be effectively boosted by 

incorporating various ZnO structure, urchin-like and rod-like, using CVD 

graphene electrode. Most of all, it is confirmed the increased dielectric constant 
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and the high degree of crystallinity of PVDF, arising from the 3-dimentional 

hierarchical structure of urchin-like ZnO, certainly enriched  the bass 

frequency response of the acoustic generator. Furthermore, the composite film 

showed a promising potential for microphone applications. 

The PVDF-based thin films with various ZnO nanofiller have been 

successfully applied in a wide variety of applications, suggesting that these 

composite films showed a promising potential in many wireless based e-skin, 

pressure sensor, sonar, and acoustic devices. 
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문초  

난 수년 동안 적인 연 적 심을 러 일으키고 있는 유전  

재는 압전, 초전  그 고 강유전 의 등에 의하여 전자공학, 

전자공학, 촉매 응, 에너  저장  , 생의학 등의 다양한 야에 

적 고 있다. 

본 연 에 는 다양한 태의 산 아연을 제조하고, 이  

폴 비닐 다이플 라이드에 충 제  사 하여 유연  있는 을 

제조하 으 , 이들의  커니 과 계적, 전 적 특 을 체계적으  

고찰하 고, 아 러 압전  열 , 스 트 무  헬스 어 시스   음향 

작동장치  응  하여 살펴보았다. 

첫째 , 열수 응을 이 하여 판상 태, 수 태의 양, 침상 양 

 게 태의 산 아연을 제조하 고 이  폴 비닐 다이플 아이드의 

충 제  사 하 다. 째 , 이 게 제조  필 의 물 을 인 하 다. 

충 제  폴 비닐 다이플 아이드 의 결정 , 유전율  의 

상 작 에 한 이 이루어 졌다. 으 , 이 게 제조  필 을 

이 하여 필 의 고유의 특 인 압전과 초전  을 이 하여 초미  

압 과 타겟 물 의 잔열을 이 하여 의  감  할 수 있는 촉각 

 제조 하 고, 또한 이  블루투스 칩과 연결하여 스 트 폰과 연동 

시  맥 에 의해 인가 는 압 을 스 트폰의 스크  으  시실간 

감  하게 하 다. 그 고 역압전 을 이 하여 에  전 적인 자극을 
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주어 필 의 에 동을 유 하여 음파작동  사  하 으  또한 

음 을 인식하는 이크 의 가능  제시하 다. 

본 연 에  총 네가 의 다  양의 산 아연과 

폴 비닐 다이플 아이드간의 유전   결정 에 한 다양한 이 

이루어, 상  에 비해 압전, 초전 의 특 을 향상시킬 수 있었다. 

무엇보다 , 제조  은 매  얇고 제조 이 간단하  투 하고 

플 블하여 다양한 여러가  전자 자 응 야에 폭넓게  수 있을 

것으  사 다. 

 

주 어: 폴 비닐 다이플 아이드, 나노 산 아연 충 제, 하이브 드 

필 , 촉각 , 음향작동   
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