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Abstract: IEEE Standard on Piezoelectricity has been utilized for decades though it has shown significant issues that prevent 

researchers from obtaining accurate materials coefficients. To resolve these issues, our research group recently proposed par-

tial electrode (PE) method. PE method utilizes samples that consist of the center part covered with electrode, and the side part 

either covered or not covered with electrode for obtaining both intensive and extensive elastic parameters. In this review, we 

introduce our PE method, along with physical phenomenology and background, such as issues of IEEE standard, to bolster 

readers understanding of needs for developing new measurement method that can compensate the standard method. It is shown 

that development of the PE method not only provides technological benefits, but also gives scientific importance for the piezo-

electric research community from its extremely high data accuracy. 
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1. INTRODUCTION 

Piezoelectric devices are being utilized in a number of in-

dustries, including ultrasonic transducers [1-4], portable 

electronic devices like mobile phones [5,6] and digital cam-

eras [7], and the automobile industry [8,9]. Especially, pie-

zoelectric energy harvesting devices [10-12] are to be set on 

“elimination of batteries”, which are classified as hazardous 

wastes, but recycled by less than 0.5% of 10s of Billion bat-

teries sold per year in the world [13]. The major problem of 

piezoelectric devices is that further miniaturization of pie-

zoelectric devices is limited by “heat generation”, owing to 

the “losses” in piezoelectric materials [14-16]. Meanwhile, 

loss values are implemented in finite element analysis (FEA) 

computer simulation [17-19], which is an effective tool to 

investigate output performance of piezoelectric devices. 

Therefore, obtaining accurate loss data is important for both 

technological and scientific assets by contributing to more 

accurate FEA simulation results and elucidation of heat gen-

eration mechanism in high-power piezoelectric devices. 

In this review, the partial electrode (PE) method, which is 

parameter determination method for piezoelectric materials 

that our group recently developed [20,21], will be discussed. 
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First, necessary physical phenomenology and background 

will be explained to boost readers’ understanding for the 

necessity to develop a new measurement method for piezoe-

lectric measurement. After that, our recent achievements for 

developing the new measurement method will be reviewed. 

 

 

2. THEORY/BACKGROUND 

2.1 Intensive vs. extensive quantities and their 

effect on piezoelectricity 

According to International Union of Pure and Applied 

Chemistry (IUPAC) [22], intensive quantities are those that 

depend on the size of the system, whereas extensive quanti-

ties are those that are independent of the size of the system. 

For piezoelectric materials, intensive quantities, such as 

stress (�) and electric field (�), are externally controllable, 

while extensive quantities, such as strain (�) and dielectric 

displacement (�), are the ones that are intrinsically deter-

mined by the material itself. The Piezoelectric constitutive 

relationships, in terms of both intensive and extensive quan-

tities, can be written as [23]: 

 ���� = �	� 

 ����� ���� (1)

���� = 
�� −ℎ

−ℎ (
1��)������� (2)

 

where �� is stress (X) constant relative dielectric permittivity 

(unitless), 	� is electric field (E) constant elastic compliance 

(in m2/N), 
 is piezoelectric constant (in C/N), �� is strain (x) 

constant relative inverse permittivity (unitless), �� is dielec-

tric displacement (D) constant elastic stiffness (in N/m2), and 

ℎ is inverse piezoelectric coefficient (in N/C). The former 

three coefficients are considered as being intensive, whereas 

the latter three are considered as being extensive. From the 

constitutive equations [equation (1) and (2)], the definition of 

electromechanical coupling factor (k) is induced: 

 

�� =
multiplication of off − diagonal terms

multiplication of diagonal terms

      =

�	�������  �� 

ℎ�	����/��� 
(3)

 

Fig. 1. Schematic diagram for relationships between different elec-

trical/mechanical boundary conditions in piezoelectric materials in 

static condition. Redrawn from [24]. 

 

 

The relationships between different boundary conditions 

determined from intensive and extensive quantities in “static 

situation” are schematically shown in Fig. 1. For the con-

verse piezoelectric effect (electric field generates strain) 

shown in the upper part of Fig. 1, the applied electrical ener-

gy (
�

�
�������) is superposed by the sum of stored electrical 

energy in 3D-clamped condition (
�

�
�������) and the mechan-

ical energy (
�

�

	�


�
���) due to piezoelectricity. For direct piezo-

electric effect (stress creates charge or “polarization”) shown 

in the lower part of Fig. 1, the input mechanical energy 

(
�

�
	���

�) is superposed by the sum of stored mechanical en-

ergy in electrically open circuit condition (
�

�
	���

�) and elec-

trical energy (
�

�

	�

���
�
��

�) due to piezoelectricity. 

The relationship described in Fig. 1 can be mathematically 

represented as the following equations: 

 

���� = ���� +

�	�  (4)

   

	� = 	� +

����� (5)

 

With the definition of k and equation (4) and (5), the rela-

tionship between intensive and extensive coefficients can be 

derived: 

 ���� =
	�	� = �1 − ���  (6)
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The physical meaning of k in piezoelectricity is:  

 

�� =
	����
 ���ℎ������ ��������� � ���������� ������  ��  

 

          
	����
 ���������� ��������� � ���ℎ������ ������ 

(7)

 

Note, however, that the above argument is accurate in the 

1D model, and that the relationship should be modified in the 

3D configuration as we will introduce in the later section 

(such as partially clamped elastic loss, tan!��



). 

 

2.2 Electrical boundary conditions for  

elasticity in piezoelectric materials 

In Section 2.1, the relationships have been discussed be-

tween different boundary conditions determined from inten-

sive and extensive quantities in “static situation” and “no 

size constraint” conditions. Since many piezoelectric devices 

in particular size constraints (plate, disk, rod etc.) are operat-

ed, those surface boundary conditions must also be discussed. 

Here, the discussion is limited to elastic parameters, since the 

dynamical (such as resonance) situation is mainly related to 

elastic parameters, rather than dielectric parameters that are 

usually determined from static or pseudo-static situation. 

The E- or D- constant condition in dynamical situation can 

be discriminated by the presence of “depolarization field 

effect” [23], which is one of the most important phenomena 

in piezoelectricity. Depolarization field refers to the electric 

field that created by surface charges and negatively propor-

tional to induced polarization P (�	�� = −" ����⁄ ). Let us 

first consider Gauss’s law from Maxwell’s equation [25]:  

 

$ ∙ � = %�   ��   $ ∙ � =
1���� &%� − $ ∙ "' 

          =
1���� &%� − %�' (8)

 

where %�  and %�  are free and bound charges, respectively. 

Gauss’s law in equation (8) describes electrostatic relation-

ship for static E and D (without time-domain) created by 

charge distribution. However, the velocity of sound in piezo-

electric medium is far lower than the speed of light; therefore, 

the dynamic situation of piezoelectric media can be ex-

plained by electrostatics. Accordingly, the effect of magnetic 

field is neglected, considering Faraday’s law of induction. 

This assumption is called quasi-electrostatic approximation 

[23]. Note also that the polarization above is merely due to 

the induced one associated with the stress distribution, and 

that the spontaneous polarization is out of this discussion, so 

that even quartz can be discussed in the same fashion. 

Let us then consider that the piezoelectric specimen shown 

in Fig. 2(a) for typical k31 mode (transverse extension) with 

electrode on the top and the bottom with polarization per-

pendicular to electrode. If the specimen is mechanically ex-

cited by AC stress along the plate length direction (our PE 

configuration corresponds to this mechanical excitation), 

mechanical vibration will be generated, which causes dy-

namical polarization modulation along the perpendicular 

direction of the specimen via d31. For the simplicity, with the 

sinusoidal stress like the fundamental resonance mode, the 

tensile stress generated at the center (positive) and the in-

duced polarization will head toward the bottom, considering 

the negative value of d31 coefficient (d31 is usually negative 

in perovskite piezoelectrics, but it is positive in ferroelectric 

polymer PVDF, polyvinylidene difluoride [26,27]). Since top 

and bottom parts are covered by electrode, the free charges 

in the electrode metal move and neutralize induced surface 

bound charges caused by the polarization. Therefore, since 

surface charges are neutralized, there is no depolarization 

field, and the elasticity is considered to be in E- constant 

condition. In this specific case, the elastic compliance is 	���  

(wave propagation is perpendicular to direction of polariza-

tion, which is denoted by 3). 

 

 

(a)

 
 

(b)

Fig. 2. (a) E- constant and (b) D- constant in k31 mode type vibration. 
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Let us next consider k31 mode specimen with no electrode, 

as shown in Fig. 2(b), where no charge neutralization is ex-

pected at the surface of the specimen. Once mechanically-

excited, the bound charges generated on the specimen sur-

face will generate so-called depolarization field to compen-

sate the induced polarization, because the + and – charge 

distance (plate thickness) is quite small in the k31 type geom-

etry. Therefore, the depolarization field (���� � �� ����⁄ ) is 

maintained to provide D- constant condition on elasticity. 

Therefore, the elastic compliance becomes ���
� . 

On the other hand, the standard k33 mode, as illustrated in 

Fig. 3, exhibits different surface boundary conditions. For 

standard k33 mode case shown in Fig. 3(a), even though the 

right and left edges are covered by electrodes (long distance 

between the electrodes), there is no electrode along the wave 

propagation direction. Thus, no charges are available to 

compensate the dynamical polarization modulation along the 

wave propagation direction (i.e., plate length), and the sound 

velocity along the polarization direction becomes a D- con-

stant sound velocity with elastic compliance of �		
� . However, 

it is noteworthy to mention that situation is quite different 

when the driving frequency is DC or pseudo-DC. When the 

operating frequency is low (quasi-static), the depolarization 

field attracts “stray” charges in the specimen or on the spec-

imen surface from the surrounding atmosphere, and charge 

screening happens (usually a couple of minutes in usual cm 

size samples). Then, the compliance would approach to �		

 . 

E- constant condition for k33 mode in dynamical situation 

can be achieved when electrode is formed on the length part, 

as shown in Fig. 3(b). This geometry is not practically 

 

 

(a) 

 
 

(b) 

 

Fig. 3. (a) D- constant and (b) E- constant in k33 mode type vibration. 

achievable since the electrode on the side will completely 

short the entire surface by being connected with the edge 

electrodes to provide equipotential to both edges. If side is 

covered by electrode, it will neutralize the polarization mod-

ulation in wave propagation direction, as long as the plate 

thickness is narrow enough. Therefore, there is no depolari-

zation field and E- constant elastic compliance (�		

 ) can be 

directly obtained. The above electroded/non-electroded and 

k31/k33 configurations are adopted in our PE specimen de-

signs to measure E- and D- constant elastic compliances. 

 

2.3 Losses in piezoelectric materials 

So far, the discussion has been limited to piezoelectric 

phenomenology without loss. The materials’ coefficients 

discussed in section 2.1 are often represented as complex 

variables (with superscripted stars) and can be represented as 

the following [28]: 
 

��∗ � ��	1 � � tan �
� (9)

�
∗ � �
	1 � � tan�
� (10)

�∗ � �	1 � � tan �
� (11)

��∗ � ��	1 � � tan �� (12)

��∗ � ��	1 � � tan�� (13)

ℎ∗ � ℎ	1 � � tan �� (14)

 

The imaginary parts of the complex coefficients in terms 

of tangent angles in above equations are called losses 

(Throughout this paper, the real parts of these coefficients 

are named as physical parameters, though there are several 

terms to describe them). The above complex expressions 

including losses were based on materials’ viscous damping 

that reflects response phase lag to the input drive force. The 

complex expressions in equations (9)~(11) contain intensive 

physical parameters and losses (primed), whereas those in 

equations (12)~(14) contain extensive physical parameters 

and losses (non-primed). The negative signs for intensive 

losses and positive signs for extensive losses are due to con-

vention, considering the direction of loss hysteresis loop. 
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The relationship between intensive and extensive losses 

(though it is not applicable in some specific vibration modes 

like k33 mode) can also be related with k, as intensive and 

extensive parameters are related as shown in section 2.1. It is 

3×3 matrix called K- matrix that relates two types of losses, 

which is defined as [29,30]:  

 

(tan )


tan !


tan *


+ = ,-. (tan ) 

tan!
tan *+ (15)

  

,-. = ( 1 �� −2���� 1 −2��

1 1 −1 − ��

+ (16)

 

The matrix is mathematically proven to be “invertible”, 

meaning that [K]2 = I and [K] = [K]-1. In usual cases, exten-

sive losses are indirectly determined by using K- matrix from 

determined intensive losses. The above argument is correct 

only in the 1D model as in the case of E- and D- constant 

discussion. For k33 mode, the situation is quite different, in 

that K- matrix cannot be utilized directly to obtain the inten-

sive loss factors, as we will detail later. 

 

2.4 Issues of IEEE standard 

The standard method to determine losses was previously 

established by Institute for Electrical and Electronics Engi-

neer (IEEE) in 1980s [31]. However, there are several defi-

cits in this method that prevent users from obtaining accurate 

parameters. For example, IEEE Standard excludes existence 

of “piezoelectric loss”, which is the key factor for heat gen-

eration mechanism. The absence of piezoelectric loss is well 

manifested in IEEE standard’s equivalent circuit (EC), as 

shown in Fig. 4. The damped capacitance (/�) is parallelly 

connected with motional inductance (0�), capacitance (/�) 

and resistance (1�). The mechanical quality factor (2�) is 

calculated by the following equation: 

 

2� =
30� /�⁄1�

      (17)

 

The expression of 2�  given by the equation above as-

sumes at mechanical quality factors at resonance (2�) and 

antiresonance (2�) frequencies are the same. However, this 

assumption shows discrepancies with experimental results, in 

that 2�  is always larger than 2�  in lead zirconate titanate 

(PZT) [16,32]. Previously, our research group showed that 

the difference between 2� and 2� is due to piezoelectric loss 

[33] and higher 2� due to piezoelectric loss causes less heat 

generation for antiresonance drive than resonance drive of 

k31 mode piezoelectric specimen under high-power condi-

tions [16]. For k31 mode specimen, 2� and 2�  are given by 

the following equations [33]: 

 

2� =
1

tan!��

  (18)

  

12�

=
12�

−
1

1 + � 1��� − ����� Ω�
�

�2 tan *��

− tan )��
 − tan!��


 �   (19)

 

Where Ω� is normalized antiresonance angular frequency, 

which is given by: 

 

Ω� =
4��

2
5%	���  (20)

 

Therefore, piezoelectric loss plays an important role for 

heat generation in high-power piezoelectric applications. To 

measure the piezoelectric loss factor, we need to measure 

simultaneously both 2� and 2� precisely. 

The other significant issue of IEEE standard is related to 

k33 mode particular specimen (longitudinal extension). Due 

to its intrinsic structure, the impedance of the bar is in gen-

eral high, so that it may cause huge experimental error and 

electrical noise, especially near antiresonance frequency 

(maximum resistance point). Figure 5 shows electrical response 

 

 

 

Fig. 4. Equivalent circuit (EC) of a piezoelectric vibrator given by 

IEEE standard. 
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Fig. 5. Impedance curves near antiresonance frequency of standard 

��� specimens composed of (a) PIC 255 [21] and (b) PIC 181 near 

half power bandwidth (bandwidth with 3 dB points). 

 

 

(impedance peak around the antiresonance frequency) of k33 

mode specimen composed of PIC 181 (hard) and PIC 255 

(soft) under the constant AC voltage drive of IEEE standard 

k33 mode samples composed of PIC 181 (hard) and PIC 255 

(soft), with the dimension of 20×2.5×0.5 mm3. As shown in 

Fig. 5(a), even with soft PZT that has relatively small 2� (~ 

100), electrical noise is manifest. The noise issue near 2� 

becomes more serious in the case of hard PZT, as shown in 

Fig. 5(b). 

For k33 mode specimens, there are more issues; the issues 

include fringing electric field, and specimen setup issue [21]. 

Furthermore, only one type of elastic compliance and loss 

can be determined from each type of vibration mode. For 

instance, while k31 mode specimen provides only E- constant 

elastic compliance and loss, k33 mode specimen provides 

only D- constant elastic compliance and loss. 

 

2.5 Partial electrode (PE) configuration as the 

solution 

In order to resolve such disadvantages of IEEE standard, 

several measurement methods have been employed, such as 

samples with polarization angle rotation [34] and pulse echo 

method [35,36]. Partial electrode (PE) method is also one of 

the methods that was devised due to the same motivation. PE 

method basically utilizes the PE configuration which is a 

plate structure that is composed of electrically excited and 

measured center part and the mechanically excited side parts, 

as shown in Fig. 6(b), (c) and (d). Since the purpose of PE 

 

Fig. 6. Sample geometries of (a) standard k31 specimen, (b) k31 mode 

PE non-electrode (NE), (c) k33 mode PE open circuit (OC), and (d) 

k33 mode PE side electrode (SE). Redrawn from [37]. 

 

 

configuration is to characterize properties of the side part, 

center part is maintained to about 10% of the length of plate, 

whereas side parts take up about 90% of the entire length. 

This characterization methodology is based on mechanical 

excitation, which is different from electrical excitation meth-

od suggested by IEEE standard. The measurement is done 

through the center part with capacitance about 200 times 

larger than IEEE standard, considering the same sample’s 

aspect ratio of the dimension [21]. Therefore, the measure-

ments do not suffer from small capacitance or high imped-

ance issue. It also enables characterization of both intensive 

and extensive losses simply by covering the side part with 

electrode or not, respectively. Moreover, with mechanical 

excitation, it is possible to characterize unpoled piezoelectric 

materials, which cannot be electrically excited due to zero 

piezoelectricity. 

 

 

3. METHODOLOGY 

3.1 k31 and k33 mode characterization 

PE method utilizes curve fitting technique to obtain physi-

cal parameters and losses. Experimental admittance or im-

pedance curves are fitted to analytical solutions that were 

derived for PE configuration structure. The admittance ana-

lytical solution is composed of two parts, which are damped 

and motional branch. The damped branch is described by the 

following equation: 

(a) (b) 
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6	,�� =
74����∗&1 − ���∗�'��8�  (21)

 

Where 4 is angular frequency (4 = 2π9), l, w and t are 

length, width, and thickness of PE plate, respectively, and a 

is center portion, ranging from 0 to 1 (0 to 100%). Note that 

materials’ coefficients are represented as complex variables 

to include loss parts. The motional branch is described as 

follow [37]: 

 

��,��

=
��
�
2���

∗�

����∗� ⎣
⎢⎢
⎡

1

��
���∗��� � ���
2
���∗�− �

�	�∗ ��� ��1 − ����

2

�	�∗ ��⎦
⎥⎥
⎤

(22)

 

Where :
�	�∗  is complex sound velocity of side part 

(:
�	�∗ = 1 3%	
�	�∗⁄ ). The complex elastic compliances of 

side part (	
�	�∗ ) can be 	���∗ (for k31 NE), 	���∗ (for k33 OC) or 	���∗  (for k33 SE) depending on side parts’ poling and elec-

trode configuration. For the complex elastic compliances, the 

corresponding losses are tan!�� , ��� !��



  and ��� !��


 , re-

spectively. Note that ��� !��



 is extensive-like loss (not 100% 

extensive, but rather close), due to 3D constraint condition 

(partially clamped elastic condition). tan!�� , which is ex-

tensive loss and can be obtained from fully 3D-clamped con-

dition, is obtained by measuring standard thickness mode (kt) 

samples. 

For motional branch, to separate center and side parts’ 

contribution, impedance equation is more useful: 

 

;�,�� =
−7�8 	���∗�

2
��
∗� <%:���∗��� = �4�2:���∗>

− %:
�	�∗ ��� =�1 − ��4�
2:
�	�∗

>?  

(23)

 

In equation (23), the first term (cotangent function) inside 

the square bracket is motional contribution from the center 

part, whereas the second term (tangent function) is motional 

contribution from the side part. The analytical solutions were 

validated with FEA computer simulation with exactly same 

input parameter values. Since the analysis is done with the 

analytical solutions with 1D assumption, it is highly recom-

mended that l, w and t should satisfy the following relation-

ship: l >> w >> t. In our previous works [18,21], we prepared 

PE samples that have dimensions of 20×2.5×0.5 mm3. 

To determine physical parameters and losses related to k31 

and k33 modes, the following steps describe parameter de-

termination process using standard k31 mode samples and PE 

samples. It is noteworthy to mention that standard k31 mode 

specimen is included in the process, since it does not have 

any particular issue and is reliable to do electrical measure-

ment on. 

1. The dimensions (l, w, t), mass (%) of all the samples (k31 

specimens + PE specimens), and the center portion (a) for 

PE specimens are measured for each sample. The mass 

and dimension measurements are essential step for any 

piezoelectric specimen measurement.  

2. Admittance/impedance data of standard k31 mode samples 

at fundamental resonance are measured with an imped-

ance analyzer, and parameters (	���∗, ���� ,  
��
∗ , ���∗ ) are 

obtained by the method described in Zhuang [33]. The 

physical parameters and losses determined from standard 

k31 mode samples for both hard and soft PZT are shown in 

Table 1. 

3. Admittance/impedance curves of PE specimens (k31 NE, 

k33 OC, and k33 SE) are measured with an impedance ana-

lyzer, and complex elastic compliances are obtained with 

nonlinear regression curve fitting using the admittance 

equations [equation (18) and (19)]. Because the center 

part of the PE specimen is k31 mode, k31 mode-related pa-

rameters determined in step 2 can be plugged into analyt-

ical solution to minimize the fitting variables. Therefore, 

for each PE specimen, 2 parameters (elastic compliance 

and corresponding elastic loss of side part) can be deter-

mined. 

4. Electromechanical coupling factor of k33 mode (k33) and 

its piezoelectric constant (d33) are determined from the 

following two equations: 

 

 

��� = @1 −
	���	���  

(24) 

   
�� = ���5������ 	���  
(25) 

 

5. Finally, intensive piezoelectric loss ( tan *��
 ) and cou-

pling loss (tan A��) can be determined using the following 

equation: 
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Table 1. Physical parameters and losses determined from standard 

k31 mode samples made of hard (PIC 181) and soft (PIC 255) PZT 

ceramics. Data taken from [37]. 

 PIC 181 PIC 255 

���
�  (…) 1,263±3 1,934±3 

���
�  (10-12 m2/N) 11.94±0.03 16.77±0.04 

��� (pC/N) -121.4±0.4 -194.7±0.5 

tan ���
�  (%) 0.362±0.003 1.54±0.01 

tan���
�  (%) 0.054±0.001 1.21±0.02 

tan ���
�  (%) 0.239±0.004 2.26±0.04 

 

 

 
tan *��
 =

1

2���� ,��� !��

 − �1 − ���� � ��� !��






+ ���� ��� )��
 . 
(26)

  

tan A�� = 2 tan *��
 − ��� )��
 − ��� !��

  (27)

 

In addition, proper dielectric calibration is necessary to 

ensure good fittings. Because measured center part is paral-

lelly sandwiched between two side parts that have similar 

magnitude of dielectric permittivity, the damped admittance 

is overestimated by fringing electric field. The calibration 

can be done by measuring dielectric permittivity via center 

part of PE specimens and evaluate degree of fringing effect. 

 

3.2 Elastic characterization of unpoled  

piezoceramics 

To ensure high performance, several piezoelectric devices, 

such as multilayer actuators [38], piezoelectric voltage trans-

formers [39-42] and ultrasonic motors [43] require complex 

electrode or poling configurations. In the process of multiple 

poling steps and during the device operation with high power, 

those devices obtain partially poled or completely unpoled 

regions. Furthermore, several piezoelectric devices, such as 

energy-trapped piezoelectric oscillators [44], piezoelectric 

micromachined ultrasonic transducers (pMUT) [45] and 

actuators utilizing shear modes [46] have majority of vol-

umes that consist of unpoled segments. Since partially poled 

or unpoled segments show different physical properties from 

the poled piezoelectric materials, it is imperative to elucidate  

 

Fig. 7. PE configuration with unpoled side part for elastic measure-

ment of unpoled piezoelectric materials. Redrawn from [47]. 

 

 

related physics, as well as to determine accurate physical 

parameters and losses to properly devise piezoelectric devic-

es with desired output performance using FEA computer 

simulation. 

Because unpoled piezoelectric materials are less useful for 

technological applications, their materials’ properties have 

not been paid attention. This indifference may have caused 

lack of reported materials’ coefficient of unpoled piezoelec-

tric materials. Usually, experimentally obtaining dielectric 

permittivity and dielectric loss is relatively straightforward, 

since they can directly be measured with LCR meters or 

impedance analyzers near off-resonance frequency (usually 1 

kHz). However, obtaining elastic compliance and elastic loss 

causes certain level of experimental hardship, because un-

poled piezoelectric materials cannot be electrically excited to 

create mechanical resonance.  

Using PE configuration with unpoled side part, as shown 

in Fig. 7, our group could determine complex elastic compli-

ance of unpoled piezoelectric ceramics [47]. The parameter 

determination process is quite similar to PE method for k31 

and k33 modes described in section 3.1. The admittance equa-

tion of PE configuration with unpoled side part is of the 

same form as equation (19). By performing curve fitting on 

experimental data of PE specimens with unpoled side parts 

using the same analytical solution, elastic compliance and 

elastic loss of unpoled piezoelectric materials can be ob-

tained. 

 

 

4. RESULTS AND DISCUSSIONS 

4.1 k31 and k33 mode parameters 

Table 2 shows k33 mode-related physical parameter and 

loss values determined from standard k33 mode samples and  
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Table 2. Physical parameters and losses determined from standard 

k33 mode samples and PE samples made of PIC 255. Data taken 

from [21]. 
 

 PIC 255 

(IEEE standard) 

PIC 255 

(PE) 

���
�  (×10-12 m2/N) 8.30±0.06 9.21±0.02 

���
�  (×10-12 m2/N) 17.8±0.4 17.70±0.04 

��� (pC/N) 390±10 382±1 

��� (%) 73±1 69.3±0.1 

	
� ���
��� (%) 0.5±0.1 0.56±0.01 

	
� ���
�  (%) 1.2±0.6 1.20±0.02 

tan���
�  (%) 1.8±1.2 1.80±0.01 

tan��� (%) 0.6±2.8 0.70±0.02 

 

 

PE samples. Note that values determined from IEEE stand-

ard have huge error range, in particular, in loss factors, due 

to that electrical noise fluctuation was considered. Since the 

noise fluctuation has more effect on quality factors rather 

than resonance/antiresonance frequencies, ��� !��



  has rela-

tively huge error range compared to real parameter 	���  and 

error propagation amplifies the errors for the other loss val-

ues due to error propagation. 

Table 3 shows physical parameter and loss values deter-

mined from standard k31 samples and PE samples. Note slightly 

different values from the PE samples made of PIC 255, be-

cause the sample sets are from different bulk ceramic blocks. 

With determined parameters from standard k31 samples and 

PE samples, the following relationships have been found: 

1. Regardless of the type of piezoelectric materials (either 

soft or hard PZT), the coupling loss (tan A�� and tanA��), 

which is imaginary part of k2, is always positive. This 

means that QB>QA; the relationship denotes that twice the 

piezoelectric loss is always larger than the sum of dielec-

tric and elastic loss (2 tan *
 > tan )
 + tan!
). In some 

lead-free piezoelectric materials, such as NKN*, it was 

found that QA>Q8B (i.e. 2 tan *
 < tan )
 + tan!
)*.  

2. The soft PZT (PIC 255) samples has higher permittivity 

and piezoelectric constants, compared to hard PZT (PIC 

181) samples. This is because the chemical doping for 

soft PZT is designed to facilitate domain wall motions to 

obtain high permittivity and piezoelectric constants. However 

facilitate domain wall motions negatively affect soft PZT 

by increasing loss values. The all anisotropic dielectric, 

Table 3. Physical parameters and losses determined from PE sam-

ples made of hard (PIC 181) and soft (PIC 255) PZT ceramics. Data 

taken from [37]. 

 PIC 255 

(PE) 

PIC 181 

(PE) 

���
�  (×10-12 m2/N) 14.30±0.05 10.53±0.05 

���
�  (×10-12 m2/N) 9.68±0.03 8.53±0.04 

���
�  (×10-12 m2/N) 17.5±0.1 13.03±0.06 

��� (pC/N) 365±5 224±2 

��� (%) 66.8±0.1 58.8±0.4 

	
� ��� (%) 0.87±0.01 0.039±0.001 

	
� ���
��� (%) 0.51±0.01 0.030±0.001 

	
� ���
�  (%) 1.19±0.01 0.053±0.002 

tan���
�  (%) 1.79±0.02 0.229±0.003 

tan��� (%) 0.85±0.04 0.043±0.007 

 

 

elastic, piezoelectric loss values of PIC 255 are higher 

than those of PIC 181. 

3. For all types of piezoelectric materials studies here, the 

inequality relationship 	��� < 	��� < 	��� < 	���  was ob-

tained. This means that extensive elastic compliances are 

more stiffening than intensive ones. Similar inequality re-

lationship can also be found from intensive and extensive 

elastic losses, though the magnitude of intensive losses in 

11 and 33 directions are very similar. 

 

4.2 Elastic “intermediacy” of unpoled  

piezoelectric materials 

Table 4 shows elastic compliance and elastic loss of un-

poled soft (PIC 255) and (PIC 181) hard PZT ceramics. With 

the intensive and extensive elastic compliance and loss val-

ues of k31 and k33 mode, the following relationship is induced: 

 

1. 	��� < 	��� < 	��� < 	��� < 	���  

2. tan!��



 < tan!�� < tan!��� < tan!��


 ≈ tan!��

  

 

From the inequality relationships above, it is concluded 

that complex elastic compliance of unpoled piezoelectric 

ceramic is not simply an average of 	���∗ and 	���∗ (average of 

elastic compliance for cases with no electrode) but lies in 

between intensive and extensive elasticity. This is different 

from the simple intuition that the physical parameters of unpoled 

piezoelectric materials should be average of poled materials. 
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Table 4. Effective elastic compliance and elastic loss of unpoled 

hard (PIC 181) and soft (PIC 255) PZT ceramics. Data taken from [47]. 

PIC 181 PIC 255 

��		 (10-12 m2/N) 11.07±0.07 ��		 (10-12 m2/N) 14.58±0.02

	
� ��		 (%) 0.042±0.002 	
� ��		 (%) 0.97±0.01

 

 

This elastic intermediacy of unpoled piezoelectric ceramic 

was interpreted in our recent report [47] with simplified as-

sumption that each grain is considered as being a mesoscale 

single crystal with multidomain state. Each domain in a grain 

retains spontaneous polarization and generates depolarization 

field. In this case, there are two possibilities for charge con-

figuration: the surface bound charges between two adjacent 

grains have the same sign (‘+ to +’ or ‘– to –’) or opposite 

sign (‘+ to –’). If the charges with the same signs are paired, 

domains experience D- constant condition because depolari-

zation field still exists, whereas the charges with the opposite 

signs leads to E- constant, since depolarization field is can-

celled out due to charge neutralization. 

 

 

5. CONCLUSION 

In this review, the PE method for loss and physical param-

eter determination of piezoelectric materials has been dis-

cussed. The physical phenomenology related to intensive and 

extensive quantities and the issues of IEEE standard on pie-

zoelectricity were explained to provide readers background 

for necessity of devising new measurement method. By re-

solving issues of IEEE and providing more reliable ways of 

loss determination, (1) the PE method can contribute to accu-

rate determination of loss values for technological, in partic-

ular, 200 times higher capacitance for the k33 measurement. 

(2) E- and D- constant parameters can be measured with the 

same geometry specimens just by coating the electrode on 

the surface. (3) a new scientific discovery was made, in that 

elasticity of unpoled piezoelectric materials shows “interme-

diacy” between intensive-ness and extensive-ness. The new 

scientific finding on the precise loss date by our PE meas-

urement not only promotes fundamental understandings of 

piezoelectric materials’ domain dynamics, but also contrib-

utes to design and optimization of various state-of-the-art 

piezoelectric devices. 
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