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• 𝑇 𝑆𝑡𝑟𝑒𝑠𝑠

• 𝑆 𝑆𝑡𝑟𝑎𝑖𝑛

• 𝐸 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝐹𝑖𝑒𝑙𝑑 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦

• 𝐷 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝐷𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡

𝑇, 𝑆 𝐷

𝐸

Piezoelectric Equation

Equatio
n Type

Mechanical Electrical Variabl
es

Value Expressions (Tensor Form)

1 Free Short 
Circuit

𝑇, 𝐸 𝑆, 𝐷 𝑆𝑘 = 𝑠𝑘𝑖
𝐸 𝑇𝑖 + 𝑑𝑘𝑗𝐸𝑗

𝐷𝑙 = 𝑑𝑙𝑖𝑇𝑖 + 𝜀𝑙𝑗𝐸𝑗

2 Constraine
d

Short 
Circuit

𝑆, 𝐸 𝑇, 𝐷 𝑇𝑖 = 𝐶𝑖𝑘
𝐸 𝑆𝑘 − 𝑒𝑖𝑗

𝐸 𝐸𝑗

𝐷𝑙 = 𝑒𝑙𝑘𝑆𝑘 + 𝜀𝑙𝑗𝐸𝑗

3 Free Open 
Circuit

𝑇, 𝐷 𝑆, 𝐸 𝑆𝑘 = 𝑠𝑘𝑖
𝐷 𝑇𝑖 + 𝑔𝑘𝑙𝐷𝑙

𝐸𝑗 = 𝑔𝑗𝑖𝑇𝑖 + 𝛽𝑗𝑙𝐷𝑙

4 Constraine
d

Open 
Circuit

𝑆, 𝐷 𝑇, 𝐸 𝑇𝑖 = 𝐶𝑖𝑘
𝐷 𝑆𝑘 − ℎ𝑖𝑙𝐷𝑙

𝐸𝑗 = ℎ𝑗𝑘𝑆𝑘 + 𝛽𝑗𝑙𝐷𝑙

*  𝑘 = 1,2, … , 6;  i = 1,2, … , 6;  𝑙 = 1,2,3;  𝑗 = 1,2,3.

* 𝑠𝑘𝑖
𝐸    Compliance Matrix

* 𝐶𝑖𝑘
𝐸    Stiffness Matrix * 𝛽𝑙𝑗 Dielectric Impermeability Matrix

𝑑𝑙𝑖 = 𝜀𝑙𝑗
𝑇 𝑔𝑗𝑖 = 𝑒𝑙𝑘𝑠𝑘𝑖

𝐸

𝑒𝑙𝑖 = 𝜀𝑙𝑗
𝑆 ℎ𝑗𝑖 = 𝑑𝑙𝑘𝐶𝑘𝑖

𝐸

𝑔𝑙𝑖 = 𝛽𝑙𝑗
𝑇 𝑑𝑗𝑖 = ℎ𝑙𝑘𝑠𝑘𝑖

𝐷

ℎ𝑙𝑖 = 𝛽𝑙𝑗
𝑆 𝑒𝑗𝑖 = 𝑔𝑙𝑘𝐶𝑘𝑖

𝐷

Piezoelectric-Stress Const.

Piezoelectric-Voltage Const.

Piezoelectric-Stiffness Const.

Piezoelectric-Strain Const.



Equivalent Circuit-------
𝝀

𝟒
Wave Length Transducer

𝑣 = 0

𝑉

𝑁: 1
𝑣𝑏

𝑣𝑓

𝑣 = 0

Back Mass PZT Stack Horn Step 1 Horn Step 2 Horn Step 3

𝑙3 𝑙2 𝑙5 𝑙6 𝑙7



Matlab Iteration

𝑙5 = 8.8𝑚𝑚 𝑙6 = 10.4𝑚𝑚 𝑅𝐿 = 9.4𝑚𝑚

𝑣𝑓/𝑣𝑏 ≈ 13.4
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