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1. Introduction 
 

Piezoelectric ultrasonic transducers with the unique feature 

of both sensing and actuating capacities (Agrawal et al. 1997, 

Meyer et al. 1998) have been designed in multiple structural 

forms for various engineering applications. These applications 

include acoustic pressure measurements in liquids (Lewin and 

Chivers 1981), compactness monitoring of concrete structure 

(Hou et al. 2018, Xu et al. 2018a, Luo et al. 2016), stress 

monitoring of concrete structure (Zhang et al. 2018, Du et al. 

2017), water seepage monitoring in concrete (Liu et al., 2013; 

Zou et al. 2014), metal corrosion and pipeline monitoring (Li 

et al. 2019, Du et al. 2016, Zhu et al. 2017), real-time 

evaluation of concrete cracks (Feng et al. 2018, Xu et al. 

2018b), and health monitoring of concrete structures 

(Dumoulin and Deraemaeker 2017, Kong et al. 2017a, Liu et 

al. 2017, Zou et al. 2015). In these applications, a common 

structural form is the longitudinally sandwiched piezoelectric 

transducers that often generate and receive waves in a single 

direction (Arnold et al. 2012, Lin and Xu 2008, Lin and Xu 

2018, Lin et al. 2019, Zhang and Shi 2011, Zhang et al. 2019).  
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On the other hand, cylindrical piezoelectric transducers have 

been developed to generate and receive two-dimensional 

waves in the radial direction (Aronov 2009, Ebenezer 2004, 

Gao et al. 2018a, b, Kim and Lee 2007, Lin and Wang 2011, 

Wang and Shi 2013, Zhang and Shi 2010). In comparison with 

these two forms of transducer, piezoelectric spherical 

transducers (Alkoy et al. 1997, Alkoy et al. 1999, Kim et al. 

2004, Kim et al. 2005, Kong et al. 2017a) can realize the 

generation and reception of omni-directional waves due to the 

characteristic of spherical configuration, and have attracted 

extensive attention (Alkoy et al. 2009, George et al. 2010, 

Kong et al. 2017b, Qin 2010, Wang et al. 2015). 

In the literature, two main techniques have been reported to 

fabricate piezoelectric spherical transducers. One is the coaxial 

nozzle slurry process technique. Alkoy et al. (Alkoy et al. 

1997, Alkoy et al. 1999, Alkoy et al. 2009) successfully 

fabricated a kind of BB transducers with several millimeters in 

diameter. These transducers can work at the order of kHz and 

MHz omnidirectional response, which have been used in 

ultrasonic imaging and hydrophones applications (Alkoy et al. 

1999, Alkoy et al. 2009, Meyer et al. 2001). The other is the 

conventional technique that bonds two hemispheres using the 

adhesive agent to form a whole sphere. Kim et al. (2004) 

fabricated a single layer piezoelectric spherical transducer by 

bonding two hemispherical shells. In order to connect the inner 

electrodes, a hole in one shell was designed to thread the wire. 

Qin (2010) proposed and developed a piezoelectric shell 
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transducer with stacked configuration, in which two radially 

polarized spherical piezoceramic shells are connected 

mechanically in series using the epoxy resin and electrically in 

parallel using wires. Each spherical piezoceramic shell is also 

made of two hemispherical shells. This new configuration can 

obtain both the omni-directionality and the high transmitting 

power, which is suitable for underwater acoustic detection. In 

the field of civil engineering, Kong et al. (Kong et al. 2017b, 

Kong et al. 2017a) developed a kind of spherical smart 

aggregate (SSA). Its core component is a spherical 

piezoceramic shell with radial polarization direction. In 

addition, an ultra-high performance concrete (UHPC) case is 

designed to protect the piezoceramic shell and ensure the 

compatibility with concrete matrix materials and durability 

under overloaded situation. The SSA possesses not only 

outstanding omnidirectional actuating and sensing capabilities 

but also good embeddability and compatibility with concrete 

structures, and thus has promising application in civil structural 

health monitoring. 

To assist the design and fabrication of the devices, many 

theoretical efforts have been made on modeling and 

characterizing the dynamic behavior of various piezoelectric 

spherical structures, aiming at providing guidance in the design 

of such transducers. Various methods and analytical tools have 

been developed to deal with the complex electromechanical 

coupling problem in the piezoelectric spherical structures, 

including the discrete-layer model (Heyliger and Wu 1999), 

the improved orthogonal polynomial approach (Yu et al. 2013), 

the finite element formulation (Ramirez and Buchanan 2004), 

the polynomial expansion method (PEM) (Loza and Shul'Ga 

1984), the method based on Bessel functions and Frobenius 

power series (George et al. 2010, Li et al. 2001), the simplified 

method that neglects the effect of the terms including e31 (Kim 

et al. 2005), the state-space approach (Chen 2001, 

Hasheminejad and Gudarzi 2015), and the matrix Frobenius 

power-series method (FPSM) (Chen 2000). Recently, on the 

basis of these methods, Wang et al. (Wang et al. 2018b, Wang 

et al. 2018a) developed an improved method based on several 

special functions to investigate the dynamic characteristics of 

the BB transducers, the stacked piezoceramic shell transducers, 

the SSA and the general multilayer transducers The aim was to 

comprehensively understand the performance of these devices 

and to establish the appropriate design foundation to promote 

their further development and application. 

The earlier investigations have shown that the selection of 

piezoelectric material types and variation of the geometrical 

dimensions will significantly affect the dynamic characteristics 

of these spherical transducers. However, once the transducer is 

fabricated, it is difficult to change these factors. As a result, the 

transducer only has the fixed prescribed dynamic 

characteristics. Challenge appears when they are utilized in 

applications with special requirement for multi-frequency or 

frequency varying scenarios. Therefore, an alternative design 

of such spherical transducers with broad band or tunability of 

dynamic characteristics is highly demanded. In the previous 

attempts to improve the longitudinally sandwiched 

piezoelectric transducers, the cylindrical piezoelectric 

transducers and the cymbal transducers, a variety of strategies 

have been explored to obtain the multi-frequency dynamic 

characteristics of these transducers, such as inductive matching 

circuit regulation (Lin and Xu 2017, Lin 2017), external 

resistance tuning (Lin 2004, Wang et al. 2017, Wang et al. 

2018c), coupling vibration mode excitation (Lin 2007), pre-

stress control (Arnold and Mühlen 2001), elastic foundation 

stiffness variation (Wang and Luo 2016), and transformation 

temperature control of nitinol end caps with superelastic and 

shape-memory effects (Feeney and Lucas 2014, 2016, 2018). 

Among these methods, the resistance tuning method is the 

easiest way to effectively achieve the multi-frequency dynamic 

characteristics, and has been successfully applied to adjustable 

solid conical-type and step-type longitudinal ultrasonic horns 

(Lin et al. 2018, Tian et al. 2018). This method is yet to be 

applied to design the spherical piezoelectric transducers. To 

this end, this paper proposes an improved design with the 

resistance tuning strategy, and investigates their dynamic 

characteristics through analytical, numerical and experimental 

studies. 

The remaining contents of this work are organized as 

follows. Section 2 introduces the proposed improved design 

of the piezoelectric spherical transducers, and presents the 

basic equations of the spherically symmetric piezoceramic 

shell and epoxy resin in such transducers. Section 3 derives 

the theoretical solution of the proposed transducers based 

on our previous work. Section 4 performs the numerical 

analysis to discuss influences of the resistance, the middle 

surface radius and the thickness of the epoxy adhesive layer 

on the dynamic characteristics. Section 5 presents the model 

validation by comparing the derived solution with literature 

given several special examples, followed by an 

experimental study. Section 6 concludes the paper. 

 

 

2. Basic equations 
 

As shown in Fig. 1, a type of improved piezoelectric 

spherical transducer using the resistance tuning method is 

illustrated, which is developed from our previous work 

(Wang et al. 2018b) in which all the piezoelectric layers are 

connected in parallel electrically. The transducer includes 

two typical cases. The first one is that the inner shell for 

actuation and the outer shell for tuning (ISA-OST). The 

second one is opposite to the first case that is the outer shell 

for actuation and the inner shell for tuning (OSA-IST). Two 

shells are polarized along r-axis. Symbols P  and E  in 

Fig. 1 denote the piezoceramic shell and the epoxy resin, 

respectively. The thicknesses of the epoxy adhesive layer 

and the piezoceramic shell are 2 1( )Et R R   and 

1 0 3 2( ) ( )Pt R R R R    , respectively. In addition, the 

middle surface radius is 
0 2middle P ER R t t   . 

Considering the harmonic motion, the applied voltage in the 

actuating shell and the generated voltage in the tuning shell 

are assumed as 

0( ) j tV t V e   (1) 

0( ) j tV t V e   
(2) 

where 0V , 2 f   and f are the amplitude, angular 

frequency and frequency of actuating voltage 0V  is the  
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complex amplitude of the generated voltage. 1j    is 

the imaginary unit. Similar to the previous work (Wang et al. 

2018b), the radial displacement 
rPiu , stress 

rPi , electric 

potential 
i  and electric displacement 

riD of spherically 

symmetric piezoceramic shell are as follows (Wang et al. 

2018b) 

1 2 1 3[ ( ) ( ) ( ) ( )] j

rPi i i

t

P Piu A f r B f r i C f r e     (3) 

4 5 1 6[ ( ) ( ) ( ) ( )] j

rPi Pi Pi i

tA f r B f r i C f er      (4) 

7 8 1 9 0[ ( ) ( ) ( ) ( ) ( ) ]i Pi i i

t

P i

jA i f er B i f r C f r C        (5) 

1

2

j ti

ri

C
D e

r

  
(6) 

In Eqs. (3)-(6), 1,2i  , 1( ) ( 1)ii   , the known 

functions
1( )f r ~

9 ( )f r  were defined by Eqs. (35)-(43) in 

Appendix 1 of the earlier work (Wang et al. 2018b). 
PiA ,

PiB , 
1iC  and 

0iC  are the undetermined coefficients. 

For the spherically symmetric epoxy resin, the harmonic 

radial displacement rEu  and stress rE  are as follows 

(Wang et al. 2018b) 

10 11[ ( ) ( )]rE

j t

E Eu A f r B f r e    (7) 

12 13[ ( ) ( )]rE E E

j tA f r B r ef     (8) 

where the known functions 10 ( )f r ~ 13 ( )f r  were defined 

by Eqs. (44)-(47) in Appendix 1 of the earlier work (Wang 

et al. 2018b). EA  and EB  are the undetermined 

coefficients. 

 

 

3. Theoretical solution 
 

In this section, the above basic equations will employed  

 

 

to derive the solution of the improved design by combining 

boundary conditions and continuous conditions, which are 

as follows 

0
1 0rP r R




  (9) 

0

0

0 0

1

1

1 1 0

11 0

1

ISA-OST 

(

( )

) )

OSA-IST

 (for case)

( ) (

         4  (for case)

0

 

r R

rr R r R

j t

L L

r

S

j t

R

L

V t

V t d D dS dR I t R

R

t

j C e V e 





 





 



 

    

   





 (10) 

1 1

1
1

2
2

2
2

1

1

2

2

rE rPr R r R

rE rPr R
r R

rP rEr R
r R
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 
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
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


 

 





 


 (11) 

2

3 33

3

2

2 2 3

12 0

2

0

( ) (

         4  

( ) )

ISA-OST 

OSA-IST 

(for case)

( ) (for case)

r R

rr R r R

j

L L

t j t

r

S

R

L

V t d D dS dt

j C e V e

V t

R I t R

R  





 





 



 

  

  




 
 (12) 

3
2 0rP r R






 

(13) 

In Eqs. (10) and (12), ( )I t  is the current across the 

resistance 
LR . 0 124 (fo ISAr -O cas )ST eLj CRV    or 

0 114 (fo OSr caA-IST e) sLV j CR    is the complex 

amplitude of the generated voltage. 0S  and 3S  are the 

spherical surface areas at 
0r R  and 

3r R , respectively. 

Substituting Eqs. (3)-(8) into Eqs. (9)-(13), a linear 

algebraic equations can be given as 

r

O
)(tV

0
R

1
R

2
R

3
R

P E P

Polarization direction

1 2

)(
~

tV

L
R

ISA-OST case

 

r

O)(tV

0
R

1
R

2
R

3
R

P E P

Polarization direction

1 2
)(

~
tV

L
R

OSA-IST case

 
(a) The inner shell for actuation and the outer shell for tuning 

(ISA-OST) 

(b) The outer shell for actuation while the inner shell for 

tuning (OSA-IST) 

Fig. 1 Improved design of piezoelectric spherical transducers 
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0kl M NV   (14) 

Here, 
kl ( 10)k l  , M  and N  are the matrices, as 

follows 

11 12 1

21 22 2

1 2

l

l

kl

k k kl

  

  


  

 
 
 
 
 
 

 (15) 

where 

4 0 511 1 30 6 02 1( ),  ( ),  ( )f R f R f R      (16) 

7 0 8 0

9

21 22

23 2

0

4

9 0

ISA-OST 

( ),  ( ),  

( ) ( case)
,  1

(  ) 4 ( caseOSA-IS )T L

f R f

R

f R

R

f

R j

 

 
 



 


 


 (17) 

7 1 8 1 9 131 32 33 34( ),  ( ),  ( ),  1f R f R f R        (18) 

41 42 43

45 4

1 1 2 1 3 1

10 1 1 16 1

( ),  ( ),  ( ),  

( ),  ( )

f R f R f R

f R f R

  

  

  

   (19) 

51 52 53

55 5

4 1 5 1 6 1

12 1 1 16 3

( ),  ( ),  ( ),  

( ),  ( )

f R f R f R

f R f R

  

  

  

   
(20) 

10 2 11 2 1 265 66 67

68 2 2 3 269

( ),  ( ),  ( ),  

( ),  ( )

f R f R f R

f R f R

  

 

 

 



 
(21) 

75 76 77

78 7

12 2 13

9

2 4 2

5 2 6 2

( ),  ( ),  ( ),

( ),  ( )

f R f R f R

f R f R

  

 





  

  
(22) 

7 287 8 288 89 8(10)9 2( ),  ( ),  ( ),  1f R f R f R       

 
(23) 

7 3 8 3

9 3

9 3

97 98

99 9(10)

IS

( ),  ( ),  

( ) 4  ( case)
,  1

( ) (

A-OST 

 OSA-IST case)

L

f R f R

f R

f

Rj

R


 



  


 


 


 (24) 

10(7) 10(8) 10(94 3 6 3)3 5( ),  ( ),  ( )f R f R f R     
 (25) 

It should be noted that other unspecified coefficients in 

Eqs. (16)-(25) are zero, and the coefficients 
23  and 

99  

are different for two cases. 

 1 1 11 01 2 2 12 02

T

P P E E P PM A B C C A B A B C C  (26) 

1 20 0 0 0 0 0 0 0
T

N V V     (27) 

where 

1

1,   (for ISA-OST )

0,  (for OSA-IST 

case

case)
V


 


 (28) 

2

0,   (for ISA-OST )

1,    (for OSA-IST 

case

case)
V


 


 (29) 

Solving Eq. (14), the coefficients 
1PA , 

1PB , 
11C , 

01C , 

EA , 
EB , 

2PA , 
2PB , 

12C  and 
02C  can be obtained. 

0( )  ( 1,  2,  ,  10)nM n V n   (30) 

where 1(1) PM A , 1(2) PM B , 11(3)M C , and so on. 

1 2 3 4 5 6 7 8

1

9 10[ ] )( kl

T N           . 

The input electrical impedance Z  is then given as 

1 3

2 9

( ) ( ) 1 ( 4 ) (for case)

( ) (

ISA-OST 

OSA) 1 ( 4 ] (for c- aseT )IS

V t I t j
Z

V t I t j

 

 


 

 
 (31) 

Here, the input currents 
1( )I t  and 

2 ( )I t  can be obtained 

through the derivative of the input electrical charge. 

0 0

1

1 0

3 0

(
4

)
( )

S
r r R j t

d D dS
j V e

dt
I t  



 


      

ISA-OST (for case)  

(32) 

3 3

2

2 3

9 0

(
4

)
( )

S
r r R j t

d D dS
j V e

dt
I t  



   


 

OSA-IST (for case)
 

(33) 

Subsequently, the resonance and anti-resonance 

frequencies 
rf  and 

af  can be solved by taking 

min
Z Z  and 

max
Z Z , respectively. The 

electromechanical coupling coefficient of the transducer is 

defined as (Mason 1950) 

2 2

2

2

a r

d

a

f f
k

f


  (34) 

 

 
4. Analysis and discussion 

 

In this section, numerical analysis is performed to 

discuss the effect of the tuning resistance on the dynamic 

characteristics. PZT-4 is selected as piezoceramic material, 

and its material parameters are listed in Table 1. The 

material parameters of epoxy resin are as follows: Young’s 

modulus 9 23.89 10 N/mEE   , Poisson’s ratio 0.38Ev  , 

density 31200kg/mE  . The geometric dimensions of the 

transducer are given as: 0.8mmPt  , 0.1mmEt  , 

12.7mm, 14.5mm, 20mmmiddleR  , 

0 ( 2)middle P ER R t t   , 1 0 PR R t  , 
2 1 ER R t  , and 

3 2 PR R t  . 

Figs. 2-4 show the fundamental resonance and anti-

resonance frequencies fr and fa, as well as the fundamental 

electromechanical coupling coefficient kd versus the 

resistance RL. It is should be pointed that changing the  
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resistance from 0 to ∞ induces the electrical boundary 

condition (EBC) shift from short circuit (SC) to open 

circuit(OC). In Figs. 2-4, the resistance range can 

approximately divide into non-sensitive range (NSR) I 

( 010 ΩLR  ), sensitive range (SR) ( 0 410 Ω 10 ΩLR  ) and 

NSR II ( 410 ΩLR  ). The EBCs corresponding to the 

NSRs I and II can be approximately considered as the SC 

and OC states, respectively. 
From Figs. 2-4, it can be observed that for both cases, 

the fundamental fr and fa shift from the SC frequencies to 

the OC ones when the resistance RL increases, and the OC 

values are greater than the SC ones. Similar to the 

cylindrical composite transducers (Wang et al. 2017, Wang 

et al. 2018c), the physical explanations are as follow. 

Connecting different resistance to the tuning shell will 

enable its stiffness change, further affect the entire stiffness 

of the transducer. Different stiffness will generate different 

fr and fa. When the connecting resistance increases from 0 to 

∞, the stiffness of the tuning shell shifts from the SC state to 

the OC state, further induces the related stiffness change of 

the transducer. 

Furthermore, the fundamental fr and fa of two cases 

under the SC and OC EBCs are addressed in Table 2. It can 

be found that the SC fr of ISA-OST case is equal to the SC 

fr of OSA-IST case, while the SC fa of ISA-OST case is 

equal to the OC fr of OSA-IST case. The OC fr of ISA-OST  

 

 

 

case is equal to the SC fa of OSA-IST case, while the OC fa 

of ISA-OST case is equal to the OC fa of OSA-IST case. 

This rule is similar to that of the resistance tuning 

cylindrical transducers (Wang et al. 2017, Wang et al. 

2018c). The reason is that the EBCs corresponding to the fr 

and fa can be approximately considered as the SC and OC 

cases. Combining these cases as well as the SC and OC 

conditions determined by the resistance will generate these 

above special cases. A detailed working states analysis is 

presented in Table 3. It can be concluded that there exists a 

corresponding relationship between ISA-OST case and 

OSA-IST case for the SC and OC EBCs. Once the fr and fa 

of ISA-OST case are obtained, the corresponding 

frequencies of OSA-IST case can be determined. In 

addition, it also found that with the increase of the middle 

surface radius Rmiddle, the fundamental fr and fa present a 

decreasing trend. 

From Figs. 2-4, it found that when the resistance 

increases, the fundamental kd can reach to a maximum value 

at a special resistance. This special resistance is the 

matching resistance (Wang et al. 2018c), which can be 

selected to optimize the fundamental kd. Furthermore, the 

matching resistance and the optimal fundamental kd for  

different middle surface radius Rmiddle are addressed in Table 

4. It showed that with the increase of the middle surface 

radius Rmiddle, the matching resistance is decreased; however, 

the optimal fundamental kd is almost unaffected. 

Table 1 Material parameters of PZT-4 (Lin et al. 2013) and BaTiO3 (Hussein and Heyliger 1998) 

Material types Elastic constant 10 2( 10 N/m )  Piezoelectric constant 2(C/m )  Dielectric constant Density 
3(kg/m )  

11

Ec  
12

Ec  
13

Ec  
33

Ec  31e  
33e  

33 0/   P  

PZT-4 13.9 7.78 7.43 11.5 -5.2 15.1 635 7500 

BaTiO3 15.0 6.60 6.60 14.6 -4.35 17.5 1700 5700 

Note: 12

0 8.85 10 F/m   , Permittivity of free space 

Table 2 Comparisons of the fundamental fr and fa of two cases under the SC and OC conditions 

tE(mm) Case EBC of the tuning element 
Rmiddle=12.7 mm Rmiddle=14.5 mm Rmiddle=20 mm 

fr(kHz) fa(kHz) fr(kHz) fa(kHz) fr(kHz) fa(kHz) 

0.1 

ISA-OST 
SC 79.83 83.19 69.89 72.82 50.63 52.75 

OC 83.03 86.55 72.7 75.78 52.68 54.9 

OSA-IST 
SC 79.83 83.03 69.89 72.7 50.63 52.68 

OC 83.19 86.55 72.82 75.78 52.75 54.9 

0 

ISA-OST 
SC 80.09 83.47 70.12 73.07 50.79 52.93 

OC 83.33 86.87 72.96 76.06 52.87 55.11 

OSA-IST 
SC 80.09 83.33 70.12 72.96 50.79 52.87 

OC 83.47 86.87 73.07 76.06 52.93 55.11 

Error(%) 

ISA-OST 
SC 0.33 0.34 0.33 0.34 0.32 0.34 

OC 0.36 0.37 0.36 0.37 0.36 0.38 

OSA-IST 
SC 0.33 0.36 0.33 0.36 0.32 0.36 

OC 0.34 0.37 0.34 0.37 0.34 0.38 

NOTE: Error = (No epoxy layer – Epoxy layer)/Epoxy layer 
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In addition, in the practical situation, the epoxy adhesive 

layer is very thin, which can be neglected to simplify the 

problem. In order to prove the reasonability of this approach, 

the results of 0mmEt  are also given in Table 2. The  

 

 

 

 

 

 

maximum relative error for 

12.7mm, 14.5mm, 20mmmiddleR   is only 0.38%, 

validating the reliability of this simplification. 

 

  
(a) ISA-OST case (b) OSA-IST case 

Fig. 2 The fundamental fr, fa and kd versus RL for Rmiddle=12.7 mm 

  
(a) ISA-OST case (b) OSA-IST case 

Fig. 3 The fundamental fr, fa and kd versus RL for Rmiddle=14.5 mm 

  
(a) ISA-OST case (b) OSA-IST case 

Fig. 4 The fundamental fr, fa and kd versus RL for Rmiddle=20 mm 
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5. Validation 
 

In this section, comparisons with several special 

examples in the earlier work are firstly performed to ensure 

the reliability of the derived solution. Subsequently, a 

prototype is fabricated to experimentally confirm the 

feasibility of the improved design. 

 

5.1 Several special examples in the earlier work 
 

For comparisons, three examples are considered in Table 

5. Example 1 is taken from Chen’s work (Chen 2000), in 

which the free vibration of a spherically isotropic 

piezoelectric medium with radial inhomogeneity was 

investigated using the matrix FPSM. The inner and outer 

radii of the example 1 are respectively 95 mm and 105 mm, 

and PZT-4 listed in Table 1 is adopted. Examples 2 and 3 

are taken from Drenkow and Long’s work (Drenkow and 

Long 1967), in which the frequency equation for radial 

vibration of a BaTiO3 sphere shell was established to solve 

the anti-resonance frequencies. Example 2 is that the inner  

 

 

 

 

 

 

and outer radii are 95 mm and 105 mm, respectively. 

Example 3 is that the inner and outer radii are 70 mm and 

130 mm, respectively. In these two examples, BaTiO3 listed 

in Table 1 is adopted. The present models for ISA-OST case 

and OSA-IST case can be approximately reduced to these 

examples by taking the proper parameters, as listed in Table 

5. Furthermore, the calculated fundamental anti-resonance 

frequencies are also listed in Table 5. The results obtained 

from the present model and the previous models are very 

close, validating the theoretical solution. 

 

5.2 Experimental study 
 

A prototype of the improved multi-frequency 

piezoelectric spherical transducer with Rmiddle=14.5 mm is 

fabricated by using the conventional technique that bonds 

two hemispheres together using the adhesive agent to form 

a whole sphere, as shown in Fig. 5. 

To clearly exhibit the schematic representation, a photo 

and an exploded view of the spherical transducer are 

presented. In the fabrication process, four hemispherical  

Table 3 Working states analysis of the special cases in Table 2 

Case EBC of the tuning element EBC of the actuating element 

Resonance Anti-resonance 

ISA-OST  (Outer shell) SC (Inner shell) SC (Inner shell) OC 

(Outer shell) OC (Inner shell) SC (Inner shell) OC 

OSA-IST  (Inner shell) SC (Outer shell) SC (Outer shell) OC 

(Inner shell) OC (Outer shell) SC (Outer shell) OC 

Table 4 The matching resistance and the optimal fundamental kd for different middle surface radius Rmiddle 

Case Optimal items Rmiddle=12.7 mm Rmiddle=14.5 mm Rmiddle=20 mm 

ISA-OST  Matching resistance () 100 80 60 

Optimal fundamental kd 0.3289 0.3285 0.3292 

OSA-IST  Matching resistance () 120 100 70 

Optimal fundamental kd 0.3280 0.3285 0.3289 

Table 5 The fundamental fa obtained by the theoretical models in the present work and in Chen’s work (Chen 2000) and 

Drenkow and Long’s work (Drenkow and Long 1967)  

No. Model R0(mm) R1(mm) R2(mm) R3(mm) RL() fa(kHz) 

1 Chen (2000) 95 105 ~ ~ ~ 11.03 

Present (ISA-OST case) 95 105 105.01 105.02 1010 11.024 

Present (OSA-IST case) 94.98 94.99 95 105 1010 11.025 

2 Drenkow and Long (1967) 95 105 ~ ~ ~ 12.446 

Present (ISA-OST case) 95 105 105.01 105.02 1010 12.439 

Present (OSA-IST case) 94.98 94.99 95 105 1010 12.441 

3 Drenkow and Long (1967) 70 130 ~ ~ ~ 12.742 

Present (ISA-OST case) 70 130 130.01 130.02 1010 12.748 

Present (OSA-IST case) 69.98 69.99 70 130 1010 12.749 
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shells are prepared, including two identical inner shells with 

less radius and two identical outer shells with larger radius. 

Each inner shell has a wire hole for the electrical connection 

to the inner electrodes. 

Two outer shells have respectively two wire holes along 

the two perpendicular radial directions to enable the 

electrical connection to the inner electrodes and the 

intermediate electrodes. A patch of silver epoxy is put 

between the inner and outer shells to connect electrically 

the intermediate electrodes between them. Two small shells 

are first glued together to form the inner whole sphere. 

Then, two large shells are coated to form the final 

transducer. Furthermore, the impedance spectra of the 

specimen are measured using an impedance analyzer 

(Agilent, model: 4294A), as shown in Fig. 6. A resistance 

control box (Shanghai Dongmao, model: ZX21f) with the 

range of 0-111.1110 M is adopted to adjust the resistance 

value. 

Figs. 7 and 8 plot the measured impedance spectra of 

two cases Fig. 9 further presents the corresponding 

measured fr and fa versus RL. In addition, the theoretical 

results are also addressed in Figs. 7 and 8 for comparison. 

From these figures, it found that the measured and 

theoretical impedance spectra have a good agreement, and  

 

 

 

the trend of the experimental fr and fa versus RL is in general 

consistent with that from the theoretical prediction. 

Qualitatively, the theoretical fr and fa are larger than the 

measured results. The main reason is that the theoretical 

sphere shells are the perfect strucrures, while the actual 

shells are fabricated by the conventional fabrication 

technique that is bonding two hemispherical shells with 

wire holes to form a whole shell, which results in the 

decrease in the transducer stiffness. In addition, the possible 

minor difference between the real material parameters and 

the standard values adopted in the theory as well as the 

actual damping may also be the reasons for the difference in 

frequency. Furthermore, the experimental fr and fa of the SC 

and OC are compared with the theoretical values in Table 6 

to further understand the discrepancy between them. In 

Table 6, the maximum relative error is 10.77%, validating 

basically the reliability of the theoretical predictions. 

However, the corresponding relationship between two cases 

for the SC and OC observed in the theory is not found in the 

experiment, which is also mainly caused by the above 

reasons. 

From Fig. 9, it also observed that the fr and fa are 

relatively stable when RL is larger than 200 . That is 

because the electrical boundary conditions (EBCs)  

  
(a) A photo (b) An exploded view 

Fig. 5 The fabricated improved piezoelectric spherical transducer 

 

Fig. 6 Experimental setup 
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corresponding to the states of RL > 200  are the 

approximate open circuit (OC) cases. For these states, their 

fr and fa are relatively stable. This resistance range is also 

called the non-sensitive range (NSR) II. To achieve the 

multi-frequency characteristics, the resistance need be tuned  

 

 

 

 

in the sensitive range (SR). In the experiential study, this 

resistance range is about 0 > RL > 200 . Although the 

range is relatively narrow, it proved the feasibility of this 

design. In the future study, the range can be widened by 

optimizing the geometric dimensions of the transducer. 

  
(a) RL=100  (b) RL=1000  

Fig. 7 Experimental and theoretical impedance spectra of ISA-OST case 

  
(a) RL=100  (b) RL=1000  

Fig. 8 Experimental and theoretical impedance spectra of OSA-IST case 

  
(a) ISA-OST case (b) OSA-IST case 

Fig. 9 The experimental fr and fa versus RL for Rmiddle=14.5 mm 
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In general, although there are some difference between 

the experimental findings and theoretical results, the 

experimental findings still demonstrate the feasibility of this 

type of improved multi-frequency piezoelectric spherical 

transducers using the resistance tuning method, which have 

promising applications in extending the working 

frequencies range of the existing piezoelectric spherical 

transducer used in underwater acoustic detection, 

hydrophones, and the spherical smart aggregate (SSA) used 

in civil structural health monitoring. For example, the ISA-

OST type and OSA-IST type SSAs can improve the 

efficiency of the active-sensing approach based on the 

traditional SSAs by virtue of their multiple resonance 

frequencies. In this method, an SSA actuator is used to 

generate the guided sinusoidal waves, and other SSA 

sensors are used to receive the signals. The guided 

sinusoidal waves can be a constant or sweep frequency. In 

order to receive the desirable signal responses, it is better to 

work near the resonance frequencies where the excited 

energy is larger than those of other ones. However, the 

traditional SSAs only have a single fixed frequency once 

they are fabricated. When this fixed frequency does not 

achieve the good effect, it will greatly weaken the 

performance of the method. The ISA-OST type and OSA-

IST type SSAs show their potential ability in working 

multiple resonance frequencies, which is very helpful to 

provide a wide selection range to search an appropriate 

frequency that can greatly improve the efficiency and 

accuracy of this monitoring method. 

In addition, in comparison to the existing piezoelectric 

spherical transducers with fixed prescribed dynamic 

characteristics, the advantages of the ISA-OST and OSA-

IST transducers are that they can conveniently realize the 

multi-frequency characteristics by tuning the resistance, and 

can optimize the electromechanical coupling coefficient at 

the matching resistance. Their disadvantages are that the 

fabrication technique is relatively complex since it is 

needed to bond four hemispherical shells together and to 

design multiple appropriate wire holes to thread the inner 

electrodes. In comparison to the ISA-OST transducers, the 

OSA-IST transducers have the wider operating frequency 

range. The original reason came from the limit working 

states, as shown in Tables 2 and 3. 

 

 

 

 

 

 

 

6. Conclusions 
 

This work proposed a type of improved piezoelectric 

spherical transducers based on the resistance tuning method, 

and theoretically and experimentally investigated their 

dynamic characteristics. Compared to the existing 

piezoelectric spherical transducers, this improved design 

can conveniently realize the multi-frequency characteristics 

by tuning the resistance, and can obtain the maximum 

electromechanical coupling coefficient with a matching 

load resistance. In addition, there exists a corresponding 

relationship between ISA-OST case and OSA-IST case for 

the SC and OC EBCs of tuning shell. The proposed 

improved design has a great potential in benefitting the 

piezoelectric spherical transducers used in hydrophones, 

underwater acoustic detection and the piezoelectric 

elements of spherical smart aggregates (SSAs) used in civil 

structural health monitoring by extending their working 

frequencies range. 
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