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The charge constant of piezoelectric material is one of the crucial constant values. At the 

present time, the measurement of this value is mostly realized by means of three 

techniques: the frequency method, the laser interferometer technique, and the quasi-static 

method. These techniques have been practically applied to piezoelectric ceramic 

samples. Our paper presents a comparison of the individual methods with regard to their 

accuracy and the demands placed on the instrumentation and preparation of the 

piezoelectric material samples. A “soft” ceramic product marketed under the production 

code of NCE51 was used in the experiments. The methods are described in detail, 

including the process of sample preparation, description of the experiments, and 

procedure of calculating coefficients from the measured values.  

Index Terms: PZT ceramics; Piezoelectric materials; Piezoelectric resonators; Piezoelectricity; 

Resonance; Impedance measurement; Laser interferometer. 

Introduction 

When designing piezoelectric actuators and sensors, it is important to consider the 

catalogue values of the used material. One of the constants describing the behavior of 

a piezoelectric material is the piezoelectric charge constant. Multiple measuring 

methods are used to provide the value of this coefficient. At present, the most 

common measurement approaches consist in the three following methods:  

• the Frequency method  

• the Laser interferometry method 

• the Quasi-static method 

All the aforementioned techniques are used very frequently, mainly because they 

provide high accuracy results. Their common disadvantage, however, can be 

identified in the fact that they require specialised and accurate measuring devices [1], 

[2], [3]. 

https://email.feec.vutbr.cz/horde/imp/message.php?mailbox=INBOX&index=3524


The frequency method is used to obtain the piezoelectric coefficient in cases where 

the complete matrix of the material coefficients has to be known. The resulting values 

strongly depend on the accuracy achieved within the reading of the resonance 

frequencies and on other values required for the calculation of all the material 

constants. Thus, for this type of measurement, an impedance analyzer is regularly 

applied as it ensures high measuring accuracy. The most regularly used are the 

impedance analyzers made by Agilent and Wayne Kerr, namely the Agilent E4294A 

and the Wayne Kerr 65120B, respectively. The devices differ in terms of sensitivity 

and frequency range. The greatest disadvantage of the frequency method is the 

required construction of a complete set of samples made up of a disc, a plate, and a 

cylinder from a piezoelectric material of one rank. The calculation to be carried out 

within the frequency method conforms to the European standard EN 50324-2 [4] 

derived from the world standard CEI/IEC 60483:1976 [5]. 

The second possible method of measuring the piezoelectric charge constant is laser 

interferometry. This method is based on measuring the displacement deflection of the 

sample surface after the connection of voltage to the electrodes of the measured 

piezoelectric ceramics. High resolution of the interferometer, which should be within 

units of nanometer, is a crucial precondition here. At present, the described method is 

most widely used in laboratory conditions. The main reasons for this situation consist 

in the high price of an interferometer and the intensive requirements placed on the 

insulation of the measuring centre from any parasitic vibrations. The laser 

interferometry method is applied for the measurement of the piezoelectric charge 

coefficients d31 and d33. The disadvantage of the method consists in the 

uncompromising necessity to operate precisely constructed, heavy-duty measuring 

devices, since any small irregularities or vibrations during the measurement 



significantly affect the accuracy of the obtained values. Interferometers with sufficient 

resolution are produced by manufacturers such as Polytec, Lasertex, Agilent, or SIOS  

[6], [7]. 

The last technique applied determines the piezoelectric charge constant through the 

quasi-static approach to measurement. This method does not involve the costly 

process of establishing all the material constants concerned and, as in the case of the 

laser interferometry method, there is no need to provide a complete set of measured 

samples. The direct and converse piezoelectric effects have to be taken into account 

within the measurements. To acquire the piezoelectric charge constant, it is necessary 

to compare the tested sample to the reference sample of a known piezoelectric 

coefficient. The electric charge on the piezoelectric sample can be measured using 

charge amplifiers or voltmeters with high input resistance such as the Keithley 6217 

[8]. Within the quasi-static method, a “d31/d33 meter” is used. At present, the devices 

are made by KCF Technologies (type PM350), HC Materials Corporation (type ZJ-

6B), and Sensor Technology Ltd. (type SS01-01). All the aforementioned devices can 

measure both the d33 and the d31 coefficients, while the other types are designed to 

measure only the d33 coefficient; apparatuses within the former group mainly differ in 

prices [9]. 

Measurement 

The aim of the measurements was to compare the different methods of establishing 

the piezoelectric charge coefficient and to evaluate the advantages and disadvantages 

of the used techniques. The piezoelectric charge constant is a characteristic material 

constant established during mechanical deformation of the sample. With this constant, 

the force applied to the sample can be transmitted to the generated electric charge in a 

desired direction, according to the relation stated below [7]. 



FdQ ij = , (1) 

where Q is the charge created through the pressure applied to the sample (C), F is the 

applied force (N), and dij is the piezoelectric charge constant (C/N or m/V). 

Measured samples 

In all the experiments, we used the “soft” piezoelectric ceramics previously 

referenced as PCM51 (now bearing the ref. code of NCE51) produced by the Noliac 

Ceramics company. To establish the complete matrix of piezoelectric ceramic 

coefficients, we need to have the complete set of samples as shown in Figure 2. 

Particularly suitable in this respect is the process where all the needed samples are 

obtained from a single disc of the appropriate size, as shown in Figure 1. This 

production process has already been described in [10] and [11]. 

  

Figure 1. Process of the production of samples for the measurement of parameters. 

Here, a) is an original disc, b) shows the production of a thin disc, a cylinder, and a 

prism, c) shows the final production of a thin plate for the transverse length mode and 

the thickness shear mode, a thin disc for the radial mode and the thickness extension 

mode, and a cylinder for the longitudinal length mode [14], [15]. 

 



The measured samples had to be manufactured before the measurements and 

calculations were carried out. The sample dimensions have to conform to the 

European standard EN 50324-1:2002 [12] and the world standard CEI/IEC 60483: 

1976 [5], [13]. As only a few samples are needed for the measurements, the 

production of such a small number of pieces would be extremely costly. A disc of 

 d = 30 mm and t = 4 mm was chosen for the manufacturing of the whole set of the 

measured samples. This disc was first lapped by flat grinding, whereby a thinner disc 

of the same diameter was produced. Then, a cylinder was made by means of cutting a 

prism out of the thin disc, which was afterwards abraded cylindrically. For later 

comparison of the charge constant value d33, it is good to keep some prisms of a 

square base and of the same height as the cylinder. Samples produced in this way 

need to be polished on the surface to ensure good contact of the silver electrodes and 

to provide the best possible conductivity between the ceramics and the metal. 

Frequency measurement method 

An accurate Agilent 4294A impedance analyzer was used with a Tweezers Contact 

Test Fixture 16334A, which was directly connected to the impedance analyzer. The 

entry parameters of the piezoelectric ceramics, resonant frequencies fs, antiresonant 

frequencies fa, impedance, and free capacitance CT on 1 kHz were measured by the 

impedance analyser. The dimensions of the piezoelectric samples were measured by 

callipers, and the related values are shown in Figure 1. The density was the last 

measured parameter [16], [17]. 

The Agilent 4294A impedance analyzer facilitates direct displaying of the impedance 

and phase characteristics on the device screen, and the screen content can be directly 

saved as an image. Automatic data reading from the device can be used and processed 

in, for example, an Excel editor: It is possible to connect the device to a personal 



computer through the GPIB bus. The direct displaying of the impedance and phase 

characteristics during this measurement prevents any possible confusion of the double 

peak regarding the resonance and antiresonance frequency measurement; this problem 

is a difficulty that can be encountered in devices where it is not possible to directly 

display the characteristics during the measurements. Within the described context, we 

used LabVIEW to create a service program enabling the automatization, 

simplification, and marked acceleration of the search for resonance frequencies. The 

piezoelectric d, dielectric ε, and elastic s material constants with electromechanical 

properties are anisotropic and exhibit various values in different directions relative to 

the direction of polarization. Tensor components of the material coefficients can be 

written in a simplified matrix form by using symmetry. The complete matrix of the 

coefficients of electromechanical properties on the piezoelectric ceramics is written as 

[18], [19], [20]: 
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(2) 

 

The complete matrix of piezoelectric constants can be established according to the 

scheme in Figure 2. The procedure for the calculation of single coefficients is 

described in detail in the European standard EN 50324-2:2002 [4] and the world 

standard CEI/IEC 60483: 1976 [5], [13]. 



 

Figure 2. Establishing the complete set of material coefficients defined by the EN 

50324-2:2002 [4] and CEI/IEC 60483: 1976 standards [5], [13], [14]. 

 

The frequency method was used for the measurements and for the calculation 

of all the material coefficients [16], [21]. 

The elastic coefficients s11
E, s12

E, s13
E, s33

E, s55
E, s66

E are calculated from the 

electromechanical coupling coefficients. The initial parameters are resonant 

frequencies, density, and the sample dimensions [7]. 

In the text below, relations for individual material coefficients of the 

piezomaterials are provided. Applying suitable modification, we derived the relations 

from formulas presented within standards [4], [5], because direct substitution of the 

measured parameters (Figures 2, 3, and 4) cannot be realized by means of commonly 

used relations. 

The equation related to the elastic coefficient s11
E for the transverse length mode in 

the thin plate: 
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The equation related to the elastic coefficient s12
E for the radial mode in the thin disc: 
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The relations between the elastic coefficient s66
E through the elastic coefficient 

transverse length mode s11
E and the radial mode s12

E: 

( )EEE sss 121166 2 −=  (5) 

 

The equation related to the elastic coefficient s33
E for the longitudinal length mode in 

the cylinder: 
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The equation related to the elastic coefficient s13
E for the thickness mode in the thin 

plate: 
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where the elastic stiffness constant c33
E equals to: 
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The equation for the elastic coefficient s55
E for the thickness shear mode in the thin 

plate: 
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The equations for the transverse length mode ε11
T (10) and the longitudinal length 

mode ε33
T in the cylinder (11) in dielectric coefficients are shown below. The entry 

parameters are capacitance and the sample dimensions [7]. 
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The entry parameters for the piezoelectric coefficients are resonant frequency, 

capacitance, density and dimensions [7]. The equation for the piezoelectric charge 

coefficient d31 for the transverse length mode in the thin plate: 
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The equation related to the piezoelectric voltage coefficient g31 for the transverse 

length mode in the thin plate: 
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(13) 

 

The equation related to the piezoelectric charge coefficient d33 for the longitudinal 

length mode in the cylinder: 
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The equation for the piezoelectric voltage coefficient g33 for the longitudinal length 

mode in the cylinder: 
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The equation for the piezoelectric charge coefficient d15 for the thickness shear mode 

in the thin plate: 
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The equation for the piezoelectric voltage coefficient g15 for the thickness shear mode 

in the thin plate: 
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The resulting courses of impedance characteristics for the transverse, radial, and 

longitudinal length modes are shown in Figure 3. The resulting courses of impedance 



characteristics for the thickness extension and thickness shear modes are shown in 

Figure 4. These values can be used in the defined relations for the individual 

coefficients. 

 
Figure 3. Resonance spectra of the transverse, radial, and longitudinal length modes. 

 
Figure 4. Resonance spectra of the thickness extension and thickness shear modes. 



Laser interferometer measuring method 

The piezoelectric charge coefficient was measured merely once with this method: on 

the cylinder and the thin plate of the NCE51 material only. Thus, the measurement 

was carried out on the same sample as used for the measuring of material constants 

through the frequency method. The measurement set-up is shown in Figure 5. During 

the measurements, the measured sample was isolated by a glass plate having the 

dimensions of 99  99  2 mm; a reflection label was fixed to the plate for a better 

quality of the reflected optical signal of the interferometer. The weight of the isolation 

glass plate was not calculated within the coefficient calculations. The whole 

measuring set was fixed to an optical table placed on a single base for the maximum 

elimination of external vibrations. The single base is instrumental towards controlling 

the vibrations caused by both the evaluation devices and the momentary conditions 

within the environment, for example movement inside or outside the room. Such 

interferences can be considered the major error factor influencing the measurements. 

 
 

Figure 5. Connection diagram for the measurement of the piezoelectric charge 

constants d33 and d31 with a Polytec laser interferometer [14]. 

 



The devices used in this experiment can be divided into several groups. Here, the 

main part is formed by the Polytec OFV-5000 laser interferometer together with an 

OFV-505 measuring head. A VD-06 velocity decoder with the measuring range of 50 

mm·s/V at 350 kHz and a DD-500 displacement decoder with the measuring range of 

0.05 m/V at 350 kHz were used in this measurement. The light source of the OFV-

505 vibrometer sensor head is a helium neon laser, and the wavelength is 633 nm. The 

stand-off distance is measured from the front side of the focusing ring and optimal 

stand-off distances are at 234 mm+(n·l) mm, where n = 0;1;2… and 

l = 204 mm ± 1 mm. By using short-range OFV-SR front lenses for the sensor head, 

the vibrometer can be optimally adapted to stand-off distances from 60 mm to 5m. 

Further, an Agilent DSO3062A oscilloscope designed to show the resulting signal 

from the interferometer was used. The level of the measured sample from the IFV-505 

measuring head was read on the voltmeter. A Tesla BS 275 stabilized power supply 

was used to excite the measured sample, allowing us to reach 0 – 1000 V on the 

output. The used voltmeter, oscilloscope, and stabilized power supply are not the 

main parts of the connection and can be therefore replaced by other devices with 

similar characteristics. 

The measurement is evaluated through an output voltage signal shown on the 

oscilloscope. We can read the output voltage ΔU from the process of gained 

dependence; the output voltage corresponds to the deviation caused by the variation 

from the voltage applied to the measured sample. The process of the ΔU voltage 

measurement is shown in Figure 6. The interferometer sensitivity was set to 50 nm/V. 

The measurement started with the connection of voltage to the sample. The voltage 

was later disconnected; this is shown as the first drop in the represented process. After 

the process stabilization, the voltage was connected again, which caused the other 



major change. Both the major changes, namely the change initiated by short-circuit of 

the electrodes and the one achieved by the voltage reconnection, should be equal. 

With increasing voltage, the deviation increases linearly. The resulting value of the 

piezoelectric charge constant equals to the relation of the dimension change and the 

connected voltage. Based on the technique presented within this section, we 

repeatedly measured all the samples available.  The individual measured values of 

dimension changes in the piezoelectric sample (with identical applied voltage) were 

averaged. 

 
Figure 6. Output signal from the Polytec interferometer shown on the oscilloscope: 

measured values for the length thickness modes (the cylinder) [14]. 

 

The piezoelectric charge coefficients d33 and d31 are calculated based on the relations 

shown below, according to which the deviation increases with the gradually 

increasing voltage, i.e. the height of the cylinder or the thin plate increases or 

decreases [7].  

The piezoelectric charge constant d33 for the cylinder is calculated by the following 

equation: 
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and the piezoelectric charge constant d31 for the thin plate is calculated as follows: 
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where Uin (V) is the power supply voltage connected to the sample, ΔU (V) is the 

output voltage on the interferometer, Δl (m) is the change of length when the power 

supply is connected and equals to the piezoelectric charge constants d33 or d31 (m/V). 

Quasi-static method 

The quasi-static method is based on the direct piezoelectric effect. The piezoelectric 

sample is evenly loaded with force F. The charge is generated when the amount of 

force on the electrodes of the piezoelectric sample changes. The measurement setup is 

shown in Figure 7. The change of the force is attained by weight placed on one side of 

the lever. Upon instant unloading of the weight and after amplifying the charge in an 

AURA (type C4.2) or a Brüel & Kjær (type 2647A) charge amplifier, a voltage pulse 

equivalent to the applied force is measured on the Agilent DSO3062A oscilloscope. 

The value of the piezoelectric charge constant is then calculated from the force F and 

voltage U and is consistent with the change of the force F [8], [22], [23]. 

http://www.google.cz/url?sa=t&rct=j&q=2816%20charge%20amplifier%20bruel%20kjaer&source=web&cd=2&sqi=2&ved=0CDAQFjAB&url=http%3A%2F%2Fwww.bksv.com%2Fproducts%2Ftransducersconditioning%2Fconditioningandamps%2Fchargeconditioningamplifiers%2F2634.aspx&ei=EFhTT_-jFuqg4gTSy6XnDQ&usg=AFQjCNHsPFfFAzWJ5YzkfD7BcZVh7B2m-A&cad=rja


 
 

Figure 7. Connection scheme for the measurement of the piezoelectric charge 

constants d33 and d31 with the quasi-static and the direct charge measuring methods. 

 

The entire setup comprising a charge amplifier, a supply module, and an oscilloscope 

can be replaced with an electrometer; for this purpose, a Keithley 6517A is the 

suitable solution. The connection shown in Fig. 7 remains the same as in the 

previously described case. Charge Q, generated during the step change of the force F 

acting on the piezoelectric sample, is measured directly by the Keithley electrometer. 

The resulting value of the charge Q is directly proportional to the acting force F [8]. 

It is advantageous to carry out the measurement using the method involving a charge-

sensitive amplifier described in [24]; this method of measuring voltage at the capacity 

eliminates the effect of the measured value of the charge at the capacity of sample Ci, 

where the measured charge only affects the value of the piezoelectric ceramic charge 

constant dij. The measured PZT ceramic sample with the force F acting on it can be 

imagined as an electric circuit consisting of parallel connection of the current supply i, 



capacity Ci, and resistance Ri, as represented in Figure 8 (the part separated by the 

broken line).  

If the source current i equals to 

dt

dF
di ij= , (20) 

the generated charge Q according to the equivalent circuit in Figure 8 is equal to: 

 ===

F

ijij

i

FddFddtiQ
00

. (21) 

In (7), the influence of the leakage resistance Ri is omitted. The related time constant τ 

calculated from the magnitude of the resistance Ri and capacity Ci will be smaller than 

the time t needed to change the force acting on the sample; considering the real 

preparation, this is the time of lifting the loading lever from the sample. Therefore, t 

<< τ must apply; in this case, the effect of the resistance Ri on the measurement 

accuracy is negligible. 

Figure 8 shows the connection diagram of the charge-sensitive amplifier with 

a connected equivalent circuit which represents the measured sample of piezoelectric 

ceramics. The equivalent circuit is separated from the charge amplifier by the broken 

line [22], [24]. 

 
Figure 8. Connection diagram of the charge amplifier with the connected piezoelectric 

material [22], [24]. 

 

The amplification of the charge amplifier A0 nears infinity. Consequently, the input 

voltage U1 almost amounts to zero, and the current i equals to zero for any voltage U2 



on the amplifier output. The current supplied during the loading of the piezoelectric 

sample then charges the capacities Ci and Cp, where Cp is the parallel capacity of the 

amplifier power supply conductors and input circuits. The current, at the same time, 

flows to the capacity C0 connected in the feedback amplifier. In this case, i = ic and 

the voltage U2 equals to: 

qkQ
C

Q
U ==

0

2  (22) 

According to [22], an operational amplifier with amplification greater than 104 is used 

in the connection, whereby the influence of the capacities Ci + Cp on the measurement 

accuracy is determined by the same relation and is smaller than one ten-thousandth of 

the relation C0/(Ci + Cp). The influence of the capacities Ci + Cp on the accuracy of the 

measurement of the piezoelectric charge constant dij thus can be omitted. 

The piezoelectric charge constant d33 for the cylinder is calculated by the following 

equation: 

qkF

U
d


=

3

2
33 , (23) 

and the piezoelectric charge constant d31 for the thin plate is calculated by the  

equation 

qkF

U
d


=

1

2
31 , (24) 

 

where d33 and d31 are the piezoelectric charge constants (C/N), U2 is the output 

voltage on the oscilloscope (V), F is the stress on an element in the direction x (N), kq 

is the charge sensitivity of the piezoelectric sample (pC/mV). 

Output voltage from the charge amplifier (2647A) measurement on the Agilent 

DSO3062A oscilloscope is shown in Figure 9 below. The zero value overshoot in the 

diagram is induced by the auto-compensation circuit suppressing the unidirectional 



drift of the BK2647 amplifier having a time constant of approximately 0.7 Hz.  The 

auto-compensation circuit of the amplifier does not affect the measurement accuracy.  

 

 
Figure 9. Output signal from the Brüel & Kjær (2647A) charge amplifier shown on 

the oscilloscope: measured values for the length thickness modes (the cylinder) [14]. 

 

Measurement of spurious effects  

We measured the influence caused by the clamping of the sample in the measurement 

jig applied for the frequency method; then, in general terms, attention was paid also to 

thermal dependence in the coefficients of the piezoelectric samples. In order to verify 

the influence exerted by the clamping of the sample in the measuring tweezers upon 

the accuracy of resonant frequency determination within the frequency method, we 

conducted an experiment using the thin disc for the radial mode and the thin plate for 

the transverse length mode PZT ceramics (see Figure 1). In successive steps, the 

measuring tweezers were placed at various points of the sample, and the impact on the 

resonant and antiresonant frequencies was monitored. The relations between the 

measured frequencies and the contact point positions are shown in Figures 10 and 11.  
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Figure 10. Dependence of the coefficient kp on the position of the measuring tips in 

axes x and y: the thin disc. 

 
Figure 11. Dependence of the coefficient k31 on the position of the measuring tips in 

axes x and y: the thin plate. 

 

In the thin disc, the influence of the measuring tip position on an electrode of the 

measured sample did not exceed 1 % of the measured value. In the thin plate, 

however, the actual tip location is a markedly more significant factor; the difference 

between the influence detected on the boundaries and that observed in the centre may 

reach as high as 10% of the measured value. The determined dependence exhibits 



very good repeatability and probably could be applied also within the diagnostics of 

quality and homogeneity of the individual samples. 

As the most important spurious effect consists in the temperature, we also measured 

thermal dependence of the piezoelectric coefficients. The experiment was 

accompanied by the verification of applicability of the frequency method for thermal 

dependence measurement within a wide range of working temperatures; within this 

range, the upper temperature limit approaches the Curie temperature. As a rule, these 

dependences are not indicated by manufacturers, and available analyses do not 

include any detailed discussion of the PZT ceramics behaviour at high temperatures   

[25], [26], [27]. The realized configuration of the experiment is presented in Figure 

12. 

  

Figure 12. Connection diagram for the measurement of thermal dependences in PZT 

ceramics. 

 

The clamping of the sample was enabled by a pair of special measuring pincers 

allowing measurement at high temperatures: the high-temperature conditions exclude 

the possibility of using the standard measuring tweezers supplied with the analyzer.  

An example of temperature dependence of the piezoelectric charge coefficient for the 



transverse length mode, the thickness shear mode, and the longitudinal length mode is 

shown in Figure 13. 

 
Figure 13. Temperature dependence of the piezoelectric charge constant in the NCE51 

PZT ceramics. 

Results 

To compare all the tested methods for the piezoelectric coefficient measurement, the 

piezoelectric ceramic charge constant d33 was chosen for the thickness longitudinal 

vibrations and the d31 constant was selected for the laterally longitudinal vibrations. 

To compare the measured and calculated values of the piezoelectric charge constant 

dij with those specified by the manufacturer, the PCM 51 (now ref. code NCE 51) 

piezoelectric ceramics were chosen for the measurement.  

The calculated values and the values measured by all the three methods are compared 

in the table below, where a difference can be seen as compared to the values specified 

by the producer of the ceramics. 

 

 

 

 



TABLE I.  COMPARISON  OF MEASUREMENT METHODS 

Piezoelectric charge constants d33 and d31 

Measurement method d33 [ 10-12 C/N] -d31 [10-12 C/N] 

Values determined by laser 

interferometry 
448 ± 38 223 ± 31 

Values determined by the resonance 

method 
407 ± 25 198 ± 12 

Values determined by the quasi-

static method 
442 ± 31 220 ± 17 

Values determined by the charge 

measurement 
404 ± 26 206 ± 8 

Value determined by the 

manufacturer 
425 ± 22 195 ± 10 

a. The values resulting from the measurements with an interferometer and their 

comparison with those obtained via the resonance measurement methods and the 

quasi-static method for the PCM 51 (NCE 51) material (the cylinder where 

d = 3,5 mm and h = 20 mm and the thin plate where w = 25 mm, l = 4 mm and 

t = 2 mm) 

 

The elastic sij, dielectric εij, and piezoelectric dij coefficients obtained by the frequency 

measurement method appear to be sufficiently accurate in comparison with the NCE 

51 catalogue datasheet. This measurement method is useful for applications where a 

quick measurement of a complete set of material coefficients of the PZT ceramics is 

needed [21]. 

TABLE II.  PIEZOCERAMICS NCE51 SPECIFICATIONS 

Material Coefficients Symbol & Unit 

PZT ceramics 

NCE 51 

Datasheet Calculation 

Transverse coupling 

factor 
k31 [-] 0,37 0,38 

Longitudinal coupling 

factor 
k33 [-] 0,72 0,71 

Shear coupling factor k15 [-] - 0,69 

Planar coupling factor kp [-] 0,65 0,64 

Thickness coupling 

factor 
kt [-] 0,51 0,47 

Piezoelectric charge 

constants 

-d31 [ 10-12 C/N] 195 198 

d33 [ 10-12 C/N] 425 407 

d15 [ 10-12 C/N] - 612 

Piezoelectric voltage 

constants 

-g31 [ 10-3 Vm/N] 13 12,9 

g33 [ 10-3 Vm/N] 27 25,5 

g15 [ 10-3 Vm/N] - 36,9 



Material Coefficients Symbol & Unit 

PZT ceramics 

NCE 51 

Datasheet Calculation 

Elastic constants (Short 

circuit) 

sE
11 [ 10-12 m2/N] 16 15,7 

sE
33 [ 10-12 m2/N] 19 19,4 

-sE
12 [ 10-12 m2/N] - 6,5 

sE
13 [ 10-12 m2/N] - 7,1 

sE
55 [ 10-12 m2/N] - 47,3 

sE
66 [ 10-12 m2/N] - 44,2 

Permittivity 
ε11

T [ 10-8] - 1,5 

ε 33
T [ 10-8] - 1,7 

a. The resulting values of material coefficients of the PZT ceramics of the datasheet 

and their comparison to the values obtained via the resonance measurement methods 

for the NCE51 PZT ceramics [21]. (Tolerances ± 5%, 25°C) 

Establishment of accuracy in the individual methods 

The complete matrix of material coefficients for the piezoelectric ceramics is 

measured by means of the frequency measurement method. The overall accuracy of 

this method depends on the level of accuracy achieved in determining the resonance 

frequencies via the applied impedance analyzer. We used an Agilent 4294A 

impedance analyzer with an accuracy precision of ±40 ppm. The decisive factor 

impacting the measurement accuracy consists in the manner of fixation of the sample.  

High repeatability of the measurement is ensured by the use of measuring pincers 

made by Agilent (type 16334A). With these pincers, the measured samples are fixed 

always at the same point and compressed with an identical force throughout the whole 

period of the measurement. In order to ensure repeatability of the measurement, the 

measuring tips must be placed in the centre of the measured sample. The 

establishment of measurement accuracy with respect to the optical method depends on 

the accuracy of deviation measurement, namely on the laser interferometer used and 

the decoder chosen. A DD-500 displacement decoder within the range of 50nm/V was 

used to complement a Polytec OFV – 5000 laser interferometer equipped with an 

OFV-505 measuring head. The main problem can be identified in the presence of 

noise in the measurement channel of the interferometer; importantly, this factor 



causes reduction of the measurement accuracy. Within the optical method, 

repeatability largely depends on the structure of the jig enabling fixation of the 

measured sample. This measurement jig must be efficiently shielded from ambient 

vibrations; in our case, it was placed on an optical table with active damping 

capability. 

Finally, attention ought to be paid to the quasi-static method, which can be divided 

into two parts or variants.  The first part embodies the measurement of voltage 

corresponding to the charge generated on the PZT ceramics via the step change of 

force realized through a charge amplifier. An Agilent DSO 3062A oscilloscope was 

used to measure the voltage with a ± 3 % defined accuracy for the vertical axis. The 

second variant consists in direct measurement of the generated charge using a 

Keithley 6517A electrometer with an accuracy of ± (0.4% rdg + 5counts). An 

important parameter in relation to this method is again the use of an appropriate 

mechanical structure for the laboratory jig; if this partial precondition is duly 

observed, equal loading and sufficiently fast unloading of the sample will be ensured. 

Providing that the conditions described herein are satisfied, adequate repeatability of 

the measurement can be secured. 

TABLE III.  COMPARISON OF ACCURACY IN THE APPLIED MEASUREMENT 

METHODS 

Measurement method 
Accuracy of 

measurement 

Repeatability of 

measurement 

Laser interferometer measuring 

method 
± 2 % Very good 

Frequency measurement method ± 2 % Best 

Quasi-static method: ± 4 % Very good 

Quasi-static method: charge 

measurement 
± 3 % Best 

 



Conclusion 

This experiment was conducted based on the need of high-accuracy 

measurement of the piezoelectric material constants, and its aim was to determine the 

best method for the realization of such measurement. The resulting values acquired 

through the three tested methods lead to the following conclusions: The use of the 

frequency method is advantageous when we need to establish individual coefficients 

or the complete matrix of the piezoelectric material coefficients. The measurements 

carried out by means of laser interferometry and the quasi-static methods can be 

applied when the piezoelectric charge or voltage constants ought to be determined in a 

short time. The advantage of the latter methods as compared to the frequency method 

consists in the possibility of using also piezoelectric ceramic samples that do not 

comply with the requirement for a minimum aspect ratio stipulated by both the 

European and the world standards. The disadvantages of laser interferometry include 

mainly the intensive demands placed on the preparation of the measuring equipment 

and the higher cost of the measuring devices. The method is largely applied in 

laboratory conditions. The quasi-static method is used predominantly in practice, 

namely in cases where d33-meters are involved. Both the methods tend to be used for 

checking the results obtained via the frequency method. As seen in Table I, not a 

single value of the piezoelectric charge coefficient exhibits a significant difference 

from the catalogue value of the PCM 51 piezoceramics (now ref. NCE 51). With 

respect to the measurement accuracy, all the three methods can be regarded as 

equivalent. 

The most advantageous solution for the measurement of thermal dependences 

consists in the frequency method, which enables us to apply commonly available 

laboratory equipment. The temperature exerts significant influence on the material 

coefficients of PZT ceramics; thus, the group of measurement results ought to include 

working temperature as a relevant aspect. 

The determination of the established individual coefficients as well as the 

complete matrix of the piezoelectric material coefficients measured on samples 

manufactured from a larger PZT ceramics disc can be used in practice. 

The measurement results can also be applied within any comparison of the 

measurement methods as regards achievable accuracy at a later time. 



Nomenclature 

A [m2] Area 

CT [F] Free capacitance 

d [m] Diameter of a resonator 

dij [C/N] Piezoelectric charge constant 

E [V/m] Polarization vector 

Fx [N] Stress on an element in direction x 

fr [Hz] Resonance frequency 

fa [Hz] Antiresonance frequency 

gij [Vm/N] Piezoelectric voltage constant 

i [A] Current 

k31 [-] Transverse coupling factor 

k33 [-] Longitudinal coupling factor 

k15 [-] Shear coupling factor 

kp [-] Planar coupling factor 

kt [-] Thickness coupling factor 

kq [pC/N] Charge sensitivity of the piezoelectric crystal 

l [m] Length of a resonator 

Q [C] Charge generated on electrodes 

r [m] Radius of a resonator 

sij [m2/N] Elastic compliance constant 

t [m] Thickness of a resonator 

w [m] Width of a resonator 

εij [-] Absolute permittivity 

ε0 [-] Permittivity of free space 

τ [s] Time constant 

ρ [kg/m3] Specific density 
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