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Abstract

:

In this study, a 0-3 piezoelectric composite based on lead zirconate-titanate (PZT)/polyvinyl-butyral (PVB) was fabricated and characterized for its potential application in tactile sensing. The 0-3 composite was developed to incorporate the advantages of both ceramic and polymer. The paste of 0-3 PZT–PVB composite was printed using a conventional screen-printing technique on alumina and mylar substrates. The thickness of the prepared composite was approximately 80 μm. After printing the top electrode of the silver paste, 10 kV/mm of DC field was applied at 25 °C, 120 °C, and 150 °C for 10 min to align the electric dipoles in the composite. The piezoelectric charge coefficient of    d  33     and the piezoelectric voltage coefficient of    g  33     were improved by increasing the temperature of the poling process. The maximum values of    d  33     and    g  33     were 14.3 pC/N and 44.2 mV·m/N, respectively, at 150 °C. The sensor’s sensitivity to the impact force was measured by a ball drop test. The sensors showed a linear behavior in the output voltage with increasing impact force. The sensitivity of the sensor on the alumina and mylar substrates was 1.368 V/N and 0.815 V/N, respectively. The rising time of the sensor to the finger touch was 43 ms on the alumina substrate and 35 ms on the mylar substrate. Consequently, the high sensitivity and fast response time of the sensor make the 0-3 PZT–PVB composite a good candidate for tactile sensors.






Keywords:


tactile sensor; screen printing; lead zirconate-titanate (PZT); polyvinyl-butyral (PVB); 0-3 composite












1. Introduction


Tactile sensing is an essential tool used in instrumentation electronics for evaluating physical parameters such as stress, strain, pressure, and force [1,2,3]. A wide range of technologies, including resistive, capacitive, piezoelectric, triboelectric, optical, and magnetic sensors are available for tactile sensing. Among them, piezoelectric sensors have received significant attention due to their low power consumption compared with other types of sensors [4].



Piezoelectric materials cause electrical polarization when stress is applied or mechanical deformation when an electric field is applied. Thus, in piezoelectric materials, mechanical energy can be converted into electrical energy and vice versa. Piezoelectric ceramics including barium titanate (BaTiO3), lead titanate (PbTiO3), and lead zirconate-titanate (PbZrxTi1−xO3, 0 < x < 1, PZT) are often used in the fabrication of piezoelectric sensors because of their high piezoelectric charge coefficient (   d  33    ). In general, PZT has    d  33     > 300 pC/N and BaTiO3 has    d  33     > 200 pC/N, depending on the process and synthesis conditions [5,6,7].



However, piezoelectric ceramics are difficult to use in a variety of environments owing to their restricted formability, hardness, and brittleness [8]. Studies on piezoelectric composites made of piezoelectric ceramic and polymer have been actively conducted to improve and compensate for these limitations [1,9,10,11,12,13,14,15,16]. These diphasic composites were developed to combine the high piezoelectric charge coefficient and dielectric constant of piezoelectric ceramics with the flexibility of the polymers. According to Newnham et al. [11], piezoelectric ceramic–polymer composites can be classified into 10 categories (0-0, 0-1, 0-2, 0-3, 1-1, 1-3, 2-1, 2-2, 2-3, and 3-3) depending on the type of connectivity in the active phase (ceramic material) and matrix phase (polymer). The process and synthesis conditions of the composites vary based on the type of connectivity. The simplest composites so far studied are those with 0-3 connectivity, which were first developed by Kitayama and Sugawara using PZT powder and polyvinylidene fluoride [9]. In this study, 0-3 connectivity, which consists of ceramic particles (active phase) randomly dispersed in the polymer (matrix phase), was chosen due to its simple fabrication process and the fact that functional properties can be easily modulated by varying the filler content [10].



PZT is widely used for the active phase in 0-3 piezoelectric composites owing to its low cost and high piezoelectric coefficient, and several different polymers have been investigated in combination with PZT in previous studies. These polymers include polyvinyl-butyral, polydimethylsiloxane, epoxy, polyamide, and polyurethane [17,18,19,20,21]. Polyvinyl-butyral (PVB) is a colorless, amorphous thermoplastic resin, which is often utilized in technological applications such as paints and pastes. Because of its excellent flexibility, good adhesion property, workability, and easy production, PVB is an excellent candidate for use in composites [22]. In addition, the ferro/piezoelectric characteristics of PZT can be tuned towards hard or soft characteristics by means of proper doping [23,24]. The terms “soft” and “hard” PZT ceramics refer to the mobility of the dipoles or domains, as well as to the polarization and depolarization behaviors. The advantages of the hard PZT materials are their large piezoelectric coupling factors, high mechanical qualities, and stability to high electrical stress which make them interesting for high-power acoustic applications. Whereas soft types are suitable for actuators and sensors with high sensitivity because they can be polarized easily even at relatively low electric field strengths and have large piezoelectric coefficients. Based on these properties, modified PZT of the soft type was selected to fabricate a tactile sensor with great sensitivity.



Studies on 0-3 composites made of PZT and PVB focused only on piezoelectric and dielectric properties but not on their applications as sensors [25,26]. A technical study was conducted about screen-printed 0-3 piezoelectric composites on different substrates (polymers, printed circuit boards, and fabrics) [27]; however, there are only limited studies on the influence of substrate material on functional properties for tactile applications. As a sensor component, a substrate will affect the sensor’s sensitivity and thus must be considered by performance evaluation for tactile sensing [28].



In this study, we fabricated sensors with 0-3 PZT-PVB composites on two different types of substrates via the screen-printing technique. The influence of poling temperature (25 °C, 120 °C, and 150 °C) on piezoelectric characteristics was examined using the quasi-static method. The relative permittivity of the composites was determined through impedance measurement to calculate piezoelectric voltage coefficient. The maximum voltage across the composites was measured during a ball drop test to examine the sensor’s response to the impact force and the linear regression model was used to calculate the sensitivity of the sensor. Finger touch was used to evaluate the sensor’s tactile sensing capacity. Eventually, the application of the 0-3 PZT–PVB composite as a tactile sensor was demonstrated.




2. Materials and Methods


2.1. Materials


PZT ceramic powder (PIC 155) was provided by PI Ceramics GmbH, Germany. PVB was purchased from TER HELL & Co. GmbH, Germany. Mylar substrate (foil siliconized on the backside) was provided by Laufenberg GmbH, Germany. Alumina substrate (Rubalit 710, 99.6%) was purchased from CeramTec GmbH, Germany. All materials were used as received without further purification. The PZT powder properties can be found in the corresponding data sheet [29]. The morphology of the PZT particles was observed with a field emission scanning electron microscope (FESEM) as shown in Figure 1a. Based on the images, the diameter of the PZT ceramic powder was in the range of 1–2 µm and the size of agglomerated particles was below 10 µm.




2.2. Fabrication of Tactile Sensor


A tactile sensor was fabricated in a sandwich structure with silver electrodes at the top and bottom of the composite. The PZT powder was uniformly dispersed within a PVB-based binder solution using a three-roll mill to fabricate the 0-3 PZT–PVB composite. The PZT powder of the paste was 80% by mass. The agglomerated particle sizes of less than 5 μm in the paste were measured with a grindometer. This was further confirmed by the backscattered FESEM of piezocomposite (Figure 1b). Ag-based paste with 85% Ag by mass was used for electrodes.



The layout of the tactile sensor was designed using CAD software (DraftSight). A set-up of bottom electrode, piezocomposite, and top electrode was subsequently printed on alumina substrate and on mylar substrate, respectively, using the screen-printing technique. Alumina is a rigid ceramic substrate with a thickness of 0.63 mm, whereas mylar is a transparent, flexible polymer substrate with a thickness of 0.075 mm. To print a pattern using the screen-printing technique, the pastes are placed on the mesh using a blade after an emulsion process, which is the process of creating a pattern in a mesh, and pressure is applied with a squeegee to print the paste on the substrate, as depicted in Figure 2a. This simple method can be used to control the thickness of the film. To achieve the target thickness, the top and bottom electrodes were screen printed once, and the 0-3 PZT–PVB composite was screen-printed three times. The printed pastes on the substrate were leveled and planarized for 5 min at room temperature (25 °C), and then they were dried for 1 h at 150 °C in the oven.



As shown in Figure 2b, the thicknesses of the layers of the screen-printed sensor were as follows: the bottom electrode was ~40 μm, the piezocomposite was ~80 μm, and the top electrode was ~50 μm. After deposition and drying, the mylar substrate and the alumina substrate were cut to a size of 1.8 cm × 2.0 cm to separate each of the sensors for poling and measurement. The diameter of the composite was set 1 mm wider than the diameter of the electrodes (5 mm, 10 mm, and 15 mm) to prevent short circuits between the top and bottom electrodes.



High DC voltage source equipment (HV-Tester UG36, ETL Prüftechnik GmbH, Korntal-Münchingen, Germany) was used to pole the composites. This poling process was carried out in order to align ferroelectric domains in PZT particles in the direction of the electric field and increase the piezoelectricity [30]. The piezocomposites were poled for 10 min in the air at 25 °C, 120 °C, and 150 °C with an applied electric field of 10 kV/mm. It is known that poling of piezoelectric particles in a polymer matrix is difficult due to the misfit in dielectric constants of polymer and ceramic. Moreover, polymers have much lower permittivity than ceramic particles, resulting in decreased poling efficiency. A dielectric breakdown could occur if a too high electric field is continuously applied. The poling temperature was increased to lower the polymer’s resistivity, and the voltage drop across the ceramic particles was increased to increase the poling efficiency [31].





3. Results and Discussion


3.1. Polarization–Electric Field (P–E) Hysteresis Loop


Before the poling process, a series of P–E hysteresis loops of the 0-3 PZT–PVB composite was measured at room temperature, indicating the polarization value change under the bipolar electric field. As shown in Figure 3a, different electric fields (4 kV/mm, 8 kV/mm, 10 kV/mm, and 12 kV/mm) were applied to the composite for 1 cycle. The shape of the loops suggests a ferroelectric nature, in which an applied electric field induces rearranged domains in the direction of the electric field [32]. The shape of the loops and their shifts on the P-axis to higher values suggest the presence of electrical conductivities. We determined that the composite reached saturation in an electric field of 12 kV/mm since it was experimentally proven that specimen damage occurred due to dielectric breakdown when the applied electric field exceeded 12 kV/mm. Figure 2b shows the P–E hysteresis for 10 continuous cycles with an applied field of 12 kV/mm. The following saturation properties were obtained: remnant polarization (Pr) of ~1.94 μC/cm2 and coercive field (Ec) of ~2.72 kV/mm.




3.2. Piezoelectric Properties (d33, g33)


The piezoelectric charge coefficient,  d , is one of the parameters for evaluating the piezoelectric material and can be expressed in terms of the charge generated per unit area under an applied mechanical force, as shown in Equation (1):


  d =   P o l a r i z a t i o n   C h a r g e   D e n s i t y   A p p l i e d   S t r e s s   = k    ε 0   ε r    T   s E    ,  



(1)




where  k  is the electromechanical coupling factor,    ε 0    is the permittivity of free space   ( 8.854 ×   10   − 12      F  / m  ),    ε r T    is the relative permittivity at constant stress, and    s E    is the compliance under a constant electric field. The piezoelectric charge coefficient    d  33     indicates the polarization generated in the 3-direction when the stress is applied in the 3-direction. In our case, the polarization generated direction and stress applied direction are the same, 3-direction, because the electrodes were at the top and bottom of the composite:


   d  33   =  Q A  ·  A F  =  Q F     (  C / N  )  ,  



(2)




where  Q  is the charge developed by the sensor,  A  is the conductive area, and F is the applied force. The piezoelectric voltage coefficient,    g  33    , is also used to assess the ability of piezoelectric materials to generate an electric field per unit of input stress. The    g  33     is related to    d  33     by the following relationship:


   g  33   =   E l e c t r i c   F i e l d   A p p l i e d   S t r e s s   =    d  33      ε 0   ε r       (  Vm / N  )   



(3)




where    ε r    is the relative permittivity. Hence, if the material has a low    ε r   , a high    g  33     is possible for a given    d  33    .    ε r    can be determined using the following equation:


  C =    ε 0   ε r  A  d     ( F )   



(4)




where  d  is the distance between the electrodes, and  C  is the measured capacitance.



After 24 h of aging after the poling process,    d  33     was measured using the Berlincourt meter (ZJ-6B, IACAS, Beijing, China).    ε r    was measured using the impedance analyzer (4194A, Keysight Technologies, Inc., Santa Rosa, CA, USA) with a frequency of 1 kHz. The samples on the alumina and mylar substrates were poled at various temperatures to optimize the poling parameters. However, temperatures above 150 °C can cause damage such as wrinkling or bending owing to the limited heat resistance of the mylar substrate. A total of 9 samples for each substrate with different diameters of the electrode (5 mm, 10 mm, and 15 mm) were prepared to confirm the piezoelectric properties. Figure 4 shows    d  33     of the piezocomposites poled at 10 kV/mm for 10 min in the air at different temperatures (25 °C, 120 °C, and 150 °C). On the alumina substrate,    d  33     of 6.7 pC/N at 25 °C,    d  33     of 8.3 pC/N at 120 °C, and    d  33     of 10.6 pC/N at 150 °C were achieved on average (Figure 4a). On the mylar substrate,    d  33     of 6.9 pC/N at 25 °C,    d  33     of 10.5 pC/N at 120 °C, and    d  33     of 14.0 pC/N at 150 °C were obtained on average (Figure 4b). Since    d  33     is a property of the material itself, it is well known that    d  33     is independent of the diameter of the electrodes. However, it was observed that the samples poled at 120 °C had a variation in the    d  33     values when compared with samples poled at other temperatures, as indicated by the circles in Figure 4a,b. This may be a result of aging time, which causes dipoles to naturally align themselves over time compared with the case of right away after poling [32]. However, the reason for this behavior is still under investigation.



Furthermore, we observed that piezocomposites on the mylar substrate had larger and a wider range of    d  33     values than the piezocomposites on the alumina substrate for all poling temperatures. This may be attributed to a bending effect that occurred when samples were fixed by the probes of the    d  33     meter. The rigidity of the alumina substrate prevented any bending effect of samples during the measurement, whereas the flexibility of the mylar substrate resulted in warping of samples under the pressure of the probes during the measurement. However,    d  33     clearly increased with increasing poling temperature. The rate of increase in the    d  33     value was 59.0% for the alumina substrate and 103.8% for the mylar substrate when the composites were poled at 150 °C compared with 25 °C, as shown in Table 1. The maximum values of    d  33     of the composites poled at 150 °C on the alumina and mylar substrates were 11.0 pC/N and 14.3 pC/N, respectively. This result can be explained by the thermally activated transportation mechanism, which increased the composite conductivity and thus the poling efficiency [33].



Figure 5 represents    g  33     of the piezocomposites with the same poling conditions as described in Figure 4.    g  33     was calculated with measured    ε r    and    d  33     according to Equation (3). The measured    ε r    of the poled piezocomposites on the alumina substrate and the mylar substrate was in the range of 34.1 to 38.4 and 37.4 to 40.6, respectively. On the alumina substrate,    g  33     of 20.6 mV·m/N at 25 °C,    g  33     of 25.7 mV·m/N at 120 °C, and    g  33     of 32.4 mV·m/N at 150 °C were obtained on average (Figure 5a). On the mylar substrate,    g  33     of 20.1 mV·m/N at 25 °C,    g  33     of 30.7 mV·m/N at 120 °C, and    g  33     of 40.8 mV·m/N at 150 °C were obtained on average (Figure 5b). The results are in agreement with the data shown in Figure 4 that    g  33     increases with increasing poling temperature, indicating that    g  33     is dependent on    d  33    . At the poling temperature of 150 °C, the maximum values of    g  33     for the alumina and mylar substrates were 34.5 mV·m/N and 42.6 mV·m/N, respectively.



Since the variation in    d  33     values for piezocomposites on the mylar substrate is larger than that on the alumina substrate and because the largest    d  33     was obtained on mylar based samples poled at 150 °C, additional PZT–PVB samples were prepared under the same conditions. Figure 6 shows the distribution of    d  33     values of the PZT–PVB composites poled at 150 °C on the mylar substrate.    d  33     values were between 13.3 and 14.4 pC/N regardless of the diameter of the electrodes, meaning that the piezoelectric property of the composites poled at 150 °C was rather stable.




3.3. Impact Force Test


The ball drop test was used to evaluate our sensor’s responses to the impact force, as shown in Figure 7. The linearity of the response to the increasing force can be simply acquired and compared [34,35,36,37]. The voltage output of the sensor caused by the impact force of the ball was recorded by a digital oscilloscope (DSOX2014A, Keysight Technologies, Inc.). The sensitivity of the sensor to the impact force was also calculated by the ball drop test. A 2.94 g zirconia ball with a diameter of 9.85 mm was dropped on the sensor from various heights of 2 cm, 4 cm, 6 cm, 8 cm, 10 cm, and 12 cm. In ascending order, the free-falling drop of the ball from various heights provided different impact forces. The impact force is typically determined by the mass of the falling object, the surface where the object is dropped, and the impact energy. The mass of the falling ball and the surface of the sensor remained the same in this experiment, but the impact force and velocity increased with cumulative height [37]. The ball was dropped after inserting the ball stop rod into the hole to fit each height of the cylinder tube. The inner diameter of the cylinder tube was 12 mm, and its height was 135 mm. It acted as a fall guide for the ball to have a direct impact on the sensor. The sensor was placed right below the cylinder tube, which was firmly held perpendicularly by the stand [35]. Both the cylinder tube and the specimen support were 3D printed. A ruler was also used to measure the height more precisely. When the ball was dropped from different heights, it exerted a concentrated impact force at the center of the sensor. The impact force produced the compressive stress in the 0-3 PZT–PVB sensing composite, which in turn generated an electric field and output voltage along the vertical direction. The law of conservation of energy was used in the ball drop test to estimate the impact force that would result from a ball drop as follows:


   1 2  m  v  i m p a c t  2  −  1 2  m  v  i n i t i a l  2  = m g h  



(5)




where  m  is the mass of the ball,  g  is the acceleration of gravity,  h  represents the height from where the ball is being dropped, and  v  is the velocity of the ball. The initial velocity (   v  i n i t i a l    ) is zero in the falling ball, so the velocity of impact (   v  i m p a c t    ) can be expressed by Equation (6).


   v  i m p a c t   =   2 g h    



(6)







The magnitude of impact force (   F  i m p a c t    ) can be expressed by Equation (7) by substituting    v  i m p a c t     into Newton’s Second Law,   F t = m v  :


   F  i m p a c t   =   m v  t  =   m   2 g h    t   



(7)




where  t  is the collision time which was set to 1 ms [34]. The substrate was fully attached and fixed to the specimen support to avoid change in collision time due to warping of the substrate. Additionally, because the ball collision surface and material were the same for both substrates,  t  was assumed to be the same.



Figure 8 shows the variation of theoretically calculated impact force (   F  i m p a c t    ), velocity of impact (   v  i m p a c t    ), and potential energy as a function of the drop height for a 2.94 g ceramic ball. These analytical results clearly show that magnitudes of    F  i m p a c t    ,    v  i m p a c t    , and potential energy increase with increasing drop height.



The maximum output voltage of the sensor resulting from the calculated impact force is shown in Figure 9. Both sensors’ maximum output voltage on the alumina and mylar substrates increased as the height of the ball drop increased, as shown in Figure 9a. For a drop height of 2 cm, 4 cm, 6 cm, 8 cm, 10 cm, and 12 cm, on average, the maximum output voltage of the sensor was 0.5 V, 1.3 V, 2.1 V, 4.0 V, 3.5 V, and 4.1 V for the alumina substrate and 0.9 V, 1.1 V, 1.8 V, 2.1 V, 2.5 V, and 3.1 V for the mylar substrate, respectively. The sensors on the alumina substrate provide a larger maximum output voltage than those on the mylar substrate, implying that the sensor’s responsivity to the impact force on the alumina substrate is higher than that on the mylar substrate. This could be attributed to a difference in substrate toughness, as polymers exhibit much higher toughness than ceramics [38]. It is deduced that the polymer-based mylar substrate absorbed more impact force than the ceramic-based alumina substrate. Through the maximum voltage and calculated impact force curve, the linearity of the sensor was observed on both substrates, which is required for real sensor applications due to the reduced complexity of signal processing. The sensitivity can be expressed in Equation (8) by correlating the output voltage with the applied force [39].


  S e n s i t i v i t y =   O u t p u t   V o l t a g e     A p p l i e d   F o r c e      (  V / N  )   



(8)







As shown in Figure 9b, a linear regression model was used to fit the data and calculate the sensitivity.



Sensitivities of 1.368 V/N and 0.815 V/N with correlation coefficients of 0.986 and 0.969 by the linear fit were obtained for sensors based on alumina and mylar substrates, respectively. The results indicate that our sensors’ sensitivity is higher than that of a previous piezoelectric sensor (0.0758 V/N) [36]. Moreover, the sensitivity of the sensor on the alumina substrate was approximately 70% higher than that on the mylar substrate, indicating that the sensitivity varied significantly depending on the substrate material. In other words, even if the same piezocomposite is used, the characteristics of a device could be altered depending on the substrate’s material properties. Research on various devices, including sensors, actuators, transducers, and energy harvesters, are focusing on the development of piezoelectric material itself [40,41]. However, in order to obtain the desired device’s characteristics, an appropriate substrate should be considered as a component of the device. In our case, alumina-based sensors are suitable for applications requiring high sensitivity such as displays and energy harvesters because of high sensitivity and rigidity. The flexibility of mylar-based sensors makes them appropriate for wearable devices.




3.4. Tactile Sensing


To verify the sensor’s capability as a tactile sensor, we measured the variation of output voltage when finger touch was repeatedly applied to the sensor. Figure 10 shows the output voltage response to repeated finger touch for 20 s on sensors based on the alumina and mylar substrates. The force of finger touch applied to the sensor was approximately 0.12 N, calculated by the integral of applied forced of the contact time. Applied force can be obtained by Equation (8) by substituting output voltage and sensitivity of the sensor. The sensor showed an immediate response to finger touch on both substrates. The peak voltage of the sensor was 28 mV on the mylar substrate and 53.3 mV on the alumina substrate, which was approximately 1.9 times higher than the sensor on the mylar substrate. The response behaviors are similar to the ball drop test, indicating that the sensor on the alumina substrate is more sensitive.



The response time, which means how fast the sensor changes its output signal in response to an external stimulus, can be obtained by applying periodic dynamic pressure to the sensor. It was determined by the time needed for the response voltage to increase or decrease from 10% to 90% of the output voltage. The rising time and falling time of the sensor were 35 ms and 24 ms on the mylar substrate and 43 ms and 41 ms on the alumina substrate. The results show that the response is faster than that of a previous piezoelectric sensor, which exhibited 87 ms and 64 ms [42]. The 0-3 PZT–PVB composite sensors on both the alumina and mylar substrates were confirmed to detect finger touch with a fast response, indicating that they are both suitable for use as tactile sensors.





4. Conclusions


In this study, tactile sensors made of 0-3 PZT–PVB composite on alumina and mylar substrates were fabricated using the screen-printing technique. The piezoelectric coefficients (   d  33    ,    g  33    ) of sensors printed on different substrates and poled at various temperatures were compared. Owing to mylar’s limited heat resistance, the maximum poling temperature was set at 150 °C. The ball drop test and finger touch test were performed in order to evaluate the sensor’s performance as a tactile sensor. The piezoelectric charge coefficient    d  33     of the composites poled at 150 °C turned out to be 50% higher than that of the composites poled at 25 °C. The composites on the mylar substrate had    d  33     and    g  33     values that were 32.1% and 31.5% larger than those of the alumina substrate, respectively. This could be attributed to the bending effect of the substrate. The sensor on the alumina substrate achieved a sensitivity of 1.368 V/N, which was 1.68 times higher than on the mylar substrate. The rising time of the sensor was 43 ms on the alumina substrate and 35 ms on the mylar substrate. The 0-3 PZT–PVB composites were demonstrated to be a good candidate for the tactile sensor owing to their high sensitivity and fast response time. The 0-3 PZT–PVB composite tactile sensors can be used in a variety of applications, including energy harvesting, display, wearables, robotics, and electronic skin.







Author Contributions


Methodology, conceptualization, formal analysis, and writing—original draft, E.-B.J.; data curation and validation, Y.-A.L. and Y.-A.C.; conceptualization and formal analysis, P.A.G. and S.E.G.; resources and supervision, H.N.; resources, funding acquisition, supervision, and writing—review and editing, H.-S.K. All authors have read and agreed to the published version of the manuscript.




Funding


This work was partly supported by the Mid-career Researcher Program through the National Research Foundation of Korea (NRF) funded by the Ministry of Science and ICT (No. 2019R1A2C2086747) and the MOTIE (Ministry of Trade, Industry and Energy) in Korea, under the Fostering Global Talents for Innovative Growth Program (No. P0017307) supervised by the Korea Institute for Advancement of Technology (KIAT).




Institutional Review Board Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Sappati, K.K.; Bhadra, S. 0-3 barium titanate-PDMS flexible film for tactile sensing. Proceeding of the 2020 IEEE International Instrumentation and Measurement Technology Conference (I2MTC), Dubrovnik, Croatia, 25–28 May 2020; pp. 1–6. [Google Scholar]

	



Choy, J.Y.; Jo, E.B.; Yim, C.J.; Youi, H.K.; Hwang, J.H.; Lee, J.H.; Kim, H.S. Improvement in Strain Sensor Stability by Adapting the Metal Contact Layer. Sensors 2022, 22, 630. [Google Scholar] [CrossRef] [PubMed]

	



Yim, C.J.; Choy, J.Y.; Youi, H.K.; Hwang, J.H.; Jo, E.B.; Lee, J.H.; Kim, H.S. Dilute Polymerization of Aniline on PDMS Substrate via Surface Modification Using (3-Aminopropyl) Triethoxysilane for Stretchable Strain Sensor. Sensors 2022, 22, 2741. [Google Scholar] [CrossRef] [PubMed]

	



Senthil Kumar, K.; Chen, P.Y.; Ren, H. A review of printable flexible and stretchable tactile sensors. Research 2019, 2019, 3018568. [Google Scholar] [PubMed]

	



Takahashi, H.; Numamoto, Y.; Tani, J.; Matsuta, K.; Qiu, J.; Tsurekawa, S. Lead-free barium titanate ceramics with large piezoelectric constant fabricated by microwave sintering. Jpn. J. Appl. Phys. 2005, 45, L30–L32. [Google Scholar] [CrossRef]

	



James, N.K.; Van Den Ende, D.; Lafont, U.; van der Zwaag, S.; Groen, W.A. Piezoelectric and mechanical properties of structured PZT–epoxy composites. J. Mater. Res. 2013, 28, 635–641. [Google Scholar] [CrossRef]

	



Wada, S.; Yako, K.; Kakemoto, H.; Tsurumi, T.; Kiguchi, T. Enhanced piezoelectric properties of barium titanate single crystals with different engineered-domain sizes. J. Appl. Phys. 2005, 98, 014109. [Google Scholar] [CrossRef]

	



Venkatragavaraj, E.; Satish, B.; Vinod, P.R.; Vijaya, M.S. Piezoelectric properties of ferroelectric PZT-polymer composites. J. Phys. D Appl. Phys. 2001, 34, 487–492. [Google Scholar] [CrossRef]

	



Waller, D.; Safari, A. Corona poling of PZT ceramics and flexible piezoelectric composites. Ferroelectrics 1988, 87, 189–195. [Google Scholar] [CrossRef]

	



Kitayama, T.; Sugawara, S. Piezoelectric and pyroelectric properties of polymer- ferroelectric composites. In Professional Report Gr, CPM72-17; Institution Electrical and Computer Engineering: Tokyo, Japan, 1972. [Google Scholar]

	



Newnham, R.E.; Skinner, D.P.; Cross, L.E. Connectivity and piezoelectric-pyroelectric composites. Mater. Res. Bull. 1978, 13, 525–536. [Google Scholar] [CrossRef]

	



Habib, M.; Lantgios, I.; Hornbostel, K. A review of ceramic, polymer and composite piezoelectric materials. J. Phys. D Appl. Phys. 2022, 55, 423002. [Google Scholar] [CrossRef]

	



Mishra, S.; Unnikrishnan, L.; Nayak, S.K.; Mohanty, S. Advances in piezoelectric polymer composites for energy harvesting applications: A systematic review. Macromol. Mater. Eng. 2019, 304, 1800463. [Google Scholar] [CrossRef]

	



Carvalho, E.M.O.; Fernandes, L.; Costa, C.M.S.; Lanceros-Méndez, S. Encyclopedia of Materials: Composites; Elsevier Science: Amsterdam, The Netherlands, 2021; pp. 473–486. ISBN 978-0-12-819731-8. [Google Scholar]

	



Lee, H.J.; Zhang, S. Design of low-loss 1-3 piezoelectric composites for high-power transducer applications. IEEE Trans. Ultrason. Ferroelectr. Freq. Control. 2012, 59, 1969–1975. [Google Scholar] [PubMed]

	



Xie, Y.; Liu, Y.; Liu, J.; Wang, L.; Liu, W.; Soon, B.W.; Cai, Y.; Sun, C. Tunable Electromechanical Coupling Coefficient of a Laterally Excited Bulk Wave Resonator with Composite Piezoelectric Film. Micromachines 2022, 13, 641. [Google Scholar] [CrossRef] [PubMed]

	



Sappati, K.K.; Bhadra, S. Flexible piezoelectric 0–3 PZT-PDMS thin film for tactile sensing. IEEE Sens. J. 2020, 20, 4610–4617. [Google Scholar] [CrossRef]

	



Babu, I.; Van Den Ende, D.A. Processing and characterization of piezoelectric 0-3 PZT/LCT/PA composites. J. Phys. D Appl. Phys. 2010, 43, 425402. [Google Scholar] [CrossRef]

	



Lahtinen, R.; Muukkonen, T.; Koskinen, J.; Hannula, S.P.; Heczko, O. A piezopaint-based sensor for monitoring structure dynamics. Smart Mater. Struct. 2007, 16, 2571. [Google Scholar] [CrossRef]

	



PLoSs, B.; Krause, M. Optimized pyroelectric properties of 0-3 composites of PZT particles in polyurethane doped with lithium perchlorate. IEEE Trans. Ultrason. Ferroelectr. Freq. Control. 2007, 54, 2479–2481. [Google Scholar] [CrossRef]

	



Fang, X.; He, J.; Zhang, Y. Preparation and Characterization of Large-Area and Flexible Lead Zirconate Titanate/Polyvinyl-Butyral/Additives Composite Films for Piezoelectric Sensor Application. Sens. Mater. 2016, 28, 681–688. [Google Scholar]

	



Terziyan, T.V.; Safronov, A.P.; Beketov, I.V.; Medvedev, A.I.; Armas, S.F.; Kurlyandskaya, G.V. Adhesive and magnetic properties of polyvinyl butyral composites with embedded metallic nanoparticles. Sensors 2021, 21, 8311. [Google Scholar] [CrossRef]

	



Takahashi, S. Effects of impurity doping in lead zirconate-titanate ceramics. Ferroelectrics 1982, 41, 143–156. [Google Scholar] [CrossRef]

	



Morozov, M.I.; Damjanovic, D. Charge migration in Pb (Zr, Ti) O3 ceramics and its relation to ageing, hardening, and softening. J. Appl. Phys. 2010, 107, 034106. [Google Scholar] [CrossRef]

	



Fries, R.; Moulson, A.J. Fabrication and properties of an anisotropic PZT/polymer 0–3 composite. J. Mater. Sci. Mater. Electron. 1994, 5, 238–243. [Google Scholar] [CrossRef]

	



Dong, L.; Xiong, C.; Quan, H.; Zhao, G. Polyvinyl-butyral/lead zirconate titanates composites with high dielectric constant and low dielectric loss. Scr. Mater. 2006, 55, 835–837. [Google Scholar] [CrossRef]

	



Elkjaer, K.; Astafiev, K.; Ringgaard, E.; Zawada, T. Integrated Sensor Arrays based on PiezoPaintTM for SHM Applications. Annu. Conf. PHM Soc. 2013, 5, 1–9. [Google Scholar]

	



Dargahi, J.; Najarian, S. Human tactile perception as a standard for artificial tactile sensing—A review. Int. J. Med. Robot. Comput. Assist. Surg. 2004, 1, 23–35. [Google Scholar] [CrossRef] [PubMed]

	



PI Piezoelectric Ceramic Products Catalogs. Available online: https://www.piceramic.com/en/knowledge-center/downloads/catalogs-brochures-certificates (accessed on 20 January 2023).

	



Kholkin, A.L.; Taylor, D.V.; Setter, N. Poling effect on the piezoelectric properties of lead zirconate titanate thin films. In ISAF 1998. Proceedings of the Eleventh IEEE International Symposium on Applications of Ferroelectrics, Montreux, Switzerland, 24–27 August 1998; IEEE: Piscataway, NJ, USA, 1998; pp. 69–72. [Google Scholar]

	



Chan, H.L.W.; Chen, Y.; Choy, C.L. A poling study of PZT/P (VDF-TrFE) copolymer 0-3 composites. Integr. Ferroelectr. 1995, 9, 207–214. [Google Scholar] [CrossRef]

	



Damjanovic, D. The Science of Hysteresis; Academic Press: Cambridge, MA, USA, 2006; pp. 337–465. ISBN 0-12-480874-3. [Google Scholar]

	



Gowdhaman, P.; Saravanan, R.S.S.; Annamalai, V.; Pandya, H.M. Poling Effect and Temperature on Electrical Behaviour of PZT-Polymer Composites with 0-3 Connectivity. Int. J. Macro Nano Phys. 2016, 1, 1–7. [Google Scholar] [CrossRef]

	



Tanaka, H.; Maeda, T.; Narikiyo, H.; Morimoto, T. Mechanical properties of partially stabilized zirconia for dental applications. J. Asian Ceram. Soc. 2019, 7, 460–468. [Google Scholar] [CrossRef]

	



Joshi, S.; Hegde, G.M.; Nayak, M.M.; Rajanna, K. A novel piezoelectric thin film impact sensor: Application in non-destructive material discrimination. Sens. Actuators A Phys. 2013, 199, 272–282. [Google Scholar] [CrossRef]

	



Hujer, J.; Dančová, P.; Kořínek, T.; Müller, M. Photolithographically Home-Made PVDF Sensor for Cavitation Impact Load Measurement. Processes 2021, 9, 1761. [Google Scholar] [CrossRef]

	



Kasi, A.K.; Kasi, J.K.; Uddin, M.; Bokhari, M. Triboelectric nanogenerator as self-powered impact force sensor for falling object. Curr. Appl. Phys. 2020, 20, 137–144. [Google Scholar]

	



Larraneta, E.; Lutton, R.E.; Woolfson, A.D.; Donnelly, R.F. Microneedle arrays as transdermal and intradermal drug delivery systems: Materials science, manufacture and commercial development. Mater. Sci. Eng. R Rep. 2016, 104, 1–32. [Google Scholar]

	



Han, D.H.; Kang, L.H. Piezoelectric properties of paint sensor according to piezoelectric materials. Funct. Compos. Struct. 2020, 2, 025002. [Google Scholar] [CrossRef]

	



Pattipaka, S.; Bae, Y.M.; Jeong, C.K.; Park, K.I.; Hwang, G.T. Perovskite Piezoelectric-Based Flexible Energy Harvesters for Self-Powered Implantable and Wearable IoT Devices. Sensors 2022, 22, 9506. [Google Scholar] [CrossRef] [PubMed]

	



Wu, Y.; Ma, Y.; Zheng, H.; Ramakrishna, S. Piezoelectric materials for flexible and wearable electronics: A review. Mater. Des. 2021, 211, 110164. [Google Scholar]

	



Li, J.; Zhou, G.; Hong, Y.; He, W.; Wang, S.; Chen, Y.; Wang, C.; Tang, Y.; Sun, Y.; Zhu, Y. Highly sensitive, flexible and wearable piezoelectric motion sensor based on PT promoted β-phase PVDF. Sens. Actuators A Phys. 2022, 337, 113415. [Google Scholar] [CrossRef]








[image: Sensors 23 01649 g001 550] 





Figure 1. Field emission scanning electron microscopy images: (a) PZT particles; (b) 0-3 PZT–PVB composite. 
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Figure 2. (a) Schematic of the screen-printing process; (b) microscope image of the screen-printed sensor (left) and schematic of sensor’s structure (right). 
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Figure 3. P–E hysteresis loops for 0-3 PZT–PVB composite: (a) 4 kV/mm, 8 kV/mm, 10 kV/mm, and 12 kV/mm for 1 cycle; (b) 12 kV/mm for a continuous 10 cycles. 
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Figure 4. Piezoelectric charge coefficient    d  33     of poled PZT–PVB composites versus poling temperature with various diameters of the electrodes: (a) alumina substrate; (b) mylar substrate. 
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Figure 5. Piezoelectric voltage coefficient    g  33     of poled PZT–PVB composites versus poling temperature with various diameters of the electrodes: (a) alumina substrate; (b) mylar substrate. 
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Figure 6. Distribution of the piezoelectric charge coefficient    d  33     of the PZT–PVB composites poled at 150 °C on the mylar substrate with various diameters of the electrodes. 
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Figure 7. Ball drop test experimental setup for measuring the response of the PZT–PVB composite to impact force. 






Figure 7. Ball drop test experimental setup for measuring the response of the PZT–PVB composite to impact force.



[image: Sensors 23 01649 g007]







[image: Sensors 23 01649 g008 550] 





Figure 8. Theoretically calculated impact force (   F  i m p a c t    ), velocity of impact (   v  i m p a c t    ), and potential energy: (a) impact force and velocity of impact as a function of drop height; (b) impact force and potential energy as a function of drop height. 
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Figure 9. Comparison of impact force on the alumina and mylar substrates: (a) maximum voltage response as a function of height; (b) calibration curve of sensitivity of the sensor. 
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Figure 10. Output voltage and response time (inset: rising time and falling time) of the 0-3 PZT–PVB composite sensor to finger touch: (a) alumina substrate; (b) mylar substrate. 
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Table 1. Rate of increase in the piezoelectric charge coefficient (   d  33    ) according to the poling temperatures.
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Temperature of Poling (°C)

	
   Increase   in   the   Piezoelectric   Charge   Coefficient   (  d  33   )    (%)




	
Alumina

	
Mylar






	
25 vs. 120

	
24.3

	
52.8




	
120 vs. 150

	
27.9

	
33.4




	
25 vs. 150

	
59.0

	
103.8
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