
2.2 Acoustic Holography 

The steps of the acoustic holography are as follows, 
1. Measure an upstream field of HIFU where 

optical phase dose not wrap. 
2. Using the upstream pressure field as the input, 

calculate the pressure at the source by 
numerically back propagating ultrasound. 

3. Using the pressure at the source, the field is 
calculated by numerical simulation of  
nonlinear forward propagation. 

In this way, a HIFU pressure field can be obtained 
without directly measuring the high pressure in the 
focal region. 
 Assuming that the acoustic pressure at the source is 
proportional to the drive voltage, a various 
therapeutic level of HIFU field can be obtained by 
multiplying the source pressure before the numerical 
nonlinear propagation. 
 
3. Experiment 

 The pulsed laser (wavelength: 532 nm, SPOT-10-
200-532, ELFORLIGHT) was expanded by a spatial 
filter, collimated by the first convex lens, and 
focused by the second convex lens after passing 
through the ultrasound. The projection image was 
taken by a CMOS camera (ORCA-Flash2.8, 
Hamamatsu Photonics K.K.).  
In this study, an axisymmetric 8-element annular 

array transducer (outer diameter: 80 mm, inner 
diameter: 36 mm, focal length: 80 mm, center 
frequency: 1.4 MHz) was driven at 50 Vpp. The 
pressure field 40 mm upstream the focal point was 
measured by the optical method and used in the 
acoustic holography. The obtained source pressure 
was multiplied by 6 and 10 times to numerically 
calculate the pressure field at drive voltages of  300 
and 500 Vpp, respectively. The resulting focal 
pressure was compared with direct measurement by 
a fiber optic hydrophone (Onda, HFO-690). 
 
4. Result and Discussion 

Fig 2 show an upstream pressure field measured by 
the optical phase contrast method. Fig 3 (a) shows 
the source pressure field after back propagation of 
the measured pressure. Fig 3 (b) shows the fields 
during the numerical nonlinear propagation. The 
obtained focal pressure waveform compared with 
direct hydrophone measurement is shown in Fig 4. 
Good agreement in absolute pressure is seen at both 
intensities. 

 
Fig 2  Pressure field measured by optical method 

 
Fig 3  (a) Pressure field after back propagation  

 (b)Process of nonlinear propagation 

 
Fig 4  Pressure waveform at focus driven at  

(a) 300Vpp (b) 500Vpp 
 
5. Conclusion 
 The combination of optical measurement and 
acoustic holography provided HIFU fields agreeing 
with direct hydrophone measurement. Study will be 
continued further for continuous wave field and non-
axisymmetric field. 
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1. Introduction 

For the high power ulatrasonic applications 
using piezoelectric materials, nonlinear piezoelectric 
vibration is significant problem because it comes 
down to the limitation of the vibration velocity. It is 
originated from the mechanical nonlinearity rather 
than the dielectric and piezoelectric nonlinearities[1]. 
It indicates that large strain magnifies the influence 
of the higher order elasticity. Therefore, the higher 
order elastic constant is suitable for evaluating the 
piezoelectric nonlinear vibration. 

Our research group has already improved the 
piezoelectric LCR equivalent circuit for describing 
the nonlinear vibration[1]. The nonlinear resistance 
and the nonlinear capacitor were introduced. Using 
this model, the higher order elastic constant of the 
piezoelectric material can be obtained by admittance 
curve fitting. This method requires only admittance 
curve measurement; therefore, it enables to evaluate 
piezoelectric high power characteristics effectively. 

In this study, the higher order elastic constants 
of Pb(Zr,Ti)O3 ceramics, (1-x)Ba(Zr,Ti)O3-
x(Ba,Ca)TiO3 ceramics, (K, Na)NbO3 ceramics and 
LiNbO3 single crystal were evaluated and compared. 
 
2. Nonlinear model 

2.1 Higher order elasticity 
Piezoelectric equation of 31 effect with higher 

order elasticity is expressed as equations (1)-(2)[2]: 
𝑇𝑇1 = 𝑐𝑐11𝐸𝐸̅̅ ̅̅ 𝑆𝑆1 + 𝑐𝑐11(3)𝐸𝐸̅̅ ̅̅ ̅̅ ̅𝑆𝑆13 + 𝑒𝑒31̅̅ ̅̅ 𝐸𝐸3 (1) 

𝐷𝐷3 = 𝑒𝑒31̅̅ ̅̅ 𝑆𝑆1 + 𝜀𝜀33𝑆𝑆̅̅ ̅̅ 𝐸𝐸3 (2) 
where 𝑇𝑇1 , 𝑆𝑆1 , 𝐸𝐸3 , 𝐷𝐷3  are strain, stress, electric 
field and electric flux density; 𝑐𝑐11𝐸𝐸̅̅ ̅̅ , 𝑐𝑐11(3)𝐸𝐸̅̅ ̅̅ ̅̅ ̅, 𝑒𝑒31̅̅ ̅̅ , 𝜀𝜀33𝑆𝑆̅̅ ̅̅  
are linear elastic constant, cubic elastic constant, 
piezoelectric constant and dielectric constant. The 
higher term 𝑐𝑐11(3)𝐸𝐸̅̅ ̅̅ ̅̅ ̅𝑆𝑆13  is considered. Other higher 
terms are omitted because the even-ordered term 
doesn’t affect the signal with driving frequency and 
the influence of more than 5th order terms is 
negligible. In this research, cubic elastic constant 

𝑐𝑐11(3)𝐸𝐸̅̅ ̅̅ ̅̅ ̅  was measured and utilized for evaluating 
piezoelectric high power characteristics. 𝑐𝑐11(3)𝐸𝐸̅̅ ̅̅ ̅̅ ̅ was 
treated as complex number as equation (3): 

𝑐𝑐11(3)𝐸𝐸̅̅ ̅̅ ̅̅ ̅ = Re(𝑐𝑐11(3)𝐸𝐸̅̅ ̅̅ ̅̅ ̅) + 𝑗𝑗Im(𝑐𝑐11(3)𝐸𝐸̅̅ ̅̅ ̅̅ ̅) (3) 
 
2.2 Equivalent circuit model[1] 

The relationship between voltage 𝑉𝑉  and 
current 𝑖𝑖𝑚𝑚  in the mechanical part of piezoelectric 
LCR equivalent circuit is given as equation (4): 

𝐿𝐿 𝑑𝑑𝑖𝑖𝑚𝑚𝑑𝑑𝑑𝑑 + 𝑅𝑅0𝑖𝑖𝑚𝑚 + 1
𝐶𝐶0

∫ 𝑖𝑖𝑚𝑚𝑑𝑑𝑑𝑑 = 𝑉𝑉 (4) 
where 𝐿𝐿, 𝑅𝑅0and 𝐶𝐶0 are equivalent mass, dumping 
and compliance. Under high power condition, the 
relationship is expressed as equation (5): 

𝐿𝐿 𝑑𝑑𝑖𝑖𝑚𝑚𝑑𝑑𝑑𝑑 + 𝑅𝑅0𝑖𝑖𝑚𝑚 + 𝜂𝜂𝑖𝑖𝑚𝑚3 + 1
𝐶𝐶0

∫ 𝑖𝑖𝑚𝑚𝑑𝑑𝑑𝑑

+ 𝜉𝜉𝜔𝜔3 (∫ 𝑖𝑖𝑚𝑚 𝑑𝑑𝑑𝑑)
3
= 𝑉𝑉

(5) 

where 𝜔𝜔  is driving angular frequency; 𝜉𝜉  and 𝜂𝜂 
are nonlinear coefficients which represent nonlinear 
elasticity. These nonlinear coefficients can be 
obtained by the curve fitting to the measured 
admittance curve using equation (5).  

The relationship between cubic elastic constant 
𝑐𝑐11(3)𝐸𝐸̅̅ ̅̅ ̅̅ ̅  and nonlinear coefficient 𝜉𝜉  and 𝜂𝜂  is 
expressed as equations (6)-(7): 

𝑅𝑅𝑅𝑅(𝑐𝑐11(3)𝐸𝐸 ) = 16
9
𝑐𝑐11𝐸𝐸̅̅ ̅̅

2𝐴𝐴2

𝜌𝜌𝜔𝜔𝑟𝑟𝐿𝐿
𝜉𝜉 (6) 

𝐼𝐼𝐼𝐼(𝑐𝑐11(3)𝐸𝐸 ) = 16
9
𝑐𝑐11𝐸𝐸̅̅ ̅̅

2𝐴𝐴2

𝜌𝜌𝜔𝜔𝑟𝑟𝐿𝐿
𝜂𝜂 (7) 

where 𝐴𝐴 , 𝜌𝜌 , 𝜔𝜔𝑟𝑟  are force factor, density and 
angular resonance frequency. 

 
3. Measurement 

In this research, we investigated high power 
characteristics of following piezoelectric materials. 
(1) Pb(Zr,Ti)O3 ceramics 
(2) (1-x)Ba(Zr,Ti)O3-x(Ba,Ca)TiO3 ceramics 
(3) (K, Na)NbO3 ceramics 
(4) LiNbO3 single crystal 
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Table 1  Parameters of measured piezoelectric transdcers 
No. Material 𝑄𝑄𝑚𝑚 Width 

[mm] 
Thickness 

[mm] 
Length 
[mm] No. Material 𝑄𝑄𝑚𝑚

Width 
[mm] 

Thickness 
[mm] 

Length 
[mm] 

1 

PZT 

2100 6.0 2.0 24.0 14 

KNN 

60 3.3 1.5 11.0 
2 2010 6.0 2.0 24.0 15 150 3.2 1.5 11.9 
3 1860 6.0 2.0 24.0 16 410 2.7 1.0 11.9 
4 890 2.7 1.0 16.0 17 450 3.5 1.4 11.1 
5 1370 2.7 1.0 15.9 18 210 3.1 1.2 12.2 
6 830 2.7 1.0 15.9 19 90 3.3 1.0 12.0 
7 930 2.7 1.0 16.0 20 60 3.0 1.0 12.0 
8 100 6.0 2.0 24.0 21 60 3.0 1.0 12.0 
9 

BZT-BCT 
150 3.0 1.0 12.0 22 60 3.0 1.0 12.0 

10 420 3.0 1.0 12.0 23 100 3.3 1.4 11.3 
11 1320 3.0 1.0 12.0 24 70 2.8 1.1 15.9 
12 KNN 70 3.2 1.5 11.2 25 LN 11300 7.0 0.5 44.0 
13 70 3.4 1.1 11.1  

 
We prepared plate type transducers of these 

piezoelectric materials with various mechanical 
quality factor  as shown in Table 1. Measuring the 
longitudinal vibration of plate type transducer by 31 
effect, 𝑐𝑐11(3)𝐸𝐸̅̅ ̅̅ ̅̅ ̅  was obtained. Measurement of 
piezoelectric ceramics (1)-(3) were conducted with 
admittance curve measurement with frequency 
response analyzer (NF FRA5097) and curve fitting 
using equivalent circuit model[1]. Measurement of 
(4) LiNbO3 single crystal was conducted with 
electrical transient response measurement[3]. It is 
because the transducer was corrupted due to the long 
excitation of admittance measurement. 

The relationship between 1/Im(𝑐𝑐11(3)𝐸𝐸̅̅ ̅̅ ̅̅ ̅)  and 
𝑐𝑐11𝐸𝐸̅̅ ̅̅ , 𝑑𝑑31 of piezoelectric ceramics are shown in Fig. 
1-2. Im(𝑐𝑐11(3)𝐸𝐸̅̅ ̅̅ ̅̅ ̅) decreased as 𝑐𝑐11𝐸𝐸̅̅ ̅̅  increased and 𝑑𝑑31 
decreased. It indicates that hardening of piezoelectric 
ceramics reduces the influence of nonlinear elasticity. 
It is also evident from the relationship between 𝑐𝑐11(3)𝐸𝐸̅̅ ̅̅ ̅̅ ̅ 
and MnCO3 content of BZT-BCT ceramics, which is 
shown in Fig. 3. However, 𝑐𝑐11𝐸𝐸̅̅ ̅̅  and 𝑑𝑑31 of PZT are 
saturated but BZT-BCT’s and KNN’s doesn’t saturated 
in Fig.1-2. These results verified that the lead-free 
piezoelectric ceramics could be improved their 
nonlinear effect by modifying their linear 
coefficients like PZT. Measured minimum 𝑐𝑐11(3)𝐸𝐸̅̅ ̅̅ ̅̅ ̅ of 
each piezoelectric material are shown in Table 2. 
Absolute value of 𝑐𝑐11(3)𝐸𝐸̅̅ ̅̅ ̅̅ ̅  of LN single crystal is 
outstanding compared to PZT, BZT-BCT and KNN. 
It is because of the structure of single crystal; namely, 
grain boundary has great influence to nonlinear 
elasticity. 
 
4. Conclusion 

In this research, high power characteristics of 
piezoelectric materials are evaluated with higher 
order elastic constant. It reveals the hardening of 
piezoelectric materials reduces the piezoelectric 
nonlinear vibration. 

 
Fig. 1  The relationship between 1/Im(𝑐𝑐11(3)𝐸𝐸̅̅ ̅̅ ̅̅ ̅) and 𝑐𝑐11𝐸𝐸̅̅ ̅̅  
 

 
Fig. 2  The relationship between 1/Im(𝑐𝑐11(3)𝐸𝐸̅̅ ̅̅ ̅̅ ̅) and 𝑑𝑑31 
 

 
Fig. 3  The relationship between 𝑐𝑐11(3)𝐸𝐸̅̅ ̅̅ ̅̅ ̅  of BZT-BCT 

and MnCO3 content 
 

Table 2  Measured minimum 𝑐𝑐11(3)𝐸𝐸̅̅ ̅̅ ̅̅ ̅ of each material 
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