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1. Introduction 
Ultrasonic motor (USM) which has many 

useful features, such as high torque at low speed, 
precise position, quick response, and no electro 
-magnetic interference, has been widely used in the 
fields of robotics, medicine and optics1).

A novel ultrasonic motor for generating rotary 
and linear motion has been designed. The dual 
function output, which can be observed on the 
ring-shaped slider, is controlled by single source, 
based on a single stator. The derivation of the 
formulas to predict natural frequency, mode shape 
and the amplitude of vibration has also been 
reported2). In the vibration amplitude formulation, 
loss is included in the model by introducing the 
complex parameters. 

In this report, the structure of the novel 
rotary-linear 2-DOF ultrasonic motor is introduced, 
as well as its operating principle. The vibration 
model and a parametric optimization method of the 
stator will also be presented. A prototype motor 
based on the optimization results has been made 
and motor characteristics will be provided. 

2. Structure and operating principle
A novel rotary-linear 2-DOF micro ultrasonic 

motor is composed of a metal rod stator and a ring 
shaped moving element. Fig. 1 shows the sketch 
view of the motor. The metal rod stator has two 
sections: the first one, whose cross-section is square, 
has machined grooves in slanted direction and the 
second one, whose cross-section is circular, is used 
as a rail for the mobile element. The four 
piezoelectric ceramics are adhered in the grooves. 
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Fig. 1 Sketch of the novel rotary-linear 2-DOF micro 
ultrasonic motor 

The motor is driven by single source and 
smooth impact drive method is used. It can work in 
two distinct modes at two distinct frequencies, by 

the help of slanted ceramics and asymmetric square 
shaped excitation signals. So the rotor can switch 
between rotary and linear mode smoothly by 
changing the driving frequency. The velocity and 
direction of the rotor motion can also be controlled 
by the input voltage and duty-cycle, respectively. 

3. Vibration model and optimization analysis
A mathematical model of the stator can 

provide explicit formula of the motion as a function 
of selected parameters, which is essential in further 
design optimization and for developing motor 
control schemes. The developed model can predict 
the natural frequencies and mode shapes for 
longitudinal and torsional modes. In order to obtain 
exact vibration displacement at resonance, system 
damping will be considered by introducing 
piezoelectric loss factors and metal loss factors3, 4).
The explicit formula2) of the vibration amplitude of 
the fundamental longitudinal mode (expressed as 

max) and fundamental torsional mode (expressed as 
max) are given in Eq.1, as a function of stator 

length ( ), stator diameter ( s), ceramics orientation 
angle ( ), ceramics length ( p), ceramics width ( p) , 
ceramics thickness ( p), applied voltage ( 0) and 
strain coefficient ( 31). The piezoelectric loss factor 
and elastic loss factor of metal is expressed as 
and , respectively. 
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The Young's modulus and Shear modulus of metal 
and piezoelectric material are represented by m,

p, m and p, respectively. 
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The mathematical model can also be used to 
analyze the e ect of the design parameters on the 
vibration characteristics of the stator. In order to 
improve the motor output performance and promote 
the motor efficiency, a parametric optimization is 
conducted. In the process of optimization, the 
following geometric restrains are used: 
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4. Numerical results
Four key design parameters are considered in 

the design optimization, that is, the ceramics 
thickness ( p), ceramics width ( p), ceramic 
orientation angle ( ) and stator length ( ). By 
changing one parameter at one time while others 
remain unchanged, four different sets of design are 
obtained. Calculations are performed by using the 
formula above to obtain the angular and linear 
displacement for T1 and L1 modes respectively. By 
comparing the calculation results, an optimal 
combination of design parameters can be derived. 

(a) Effect of ceramics 
thickness on motor output 

(b) Effect of ceramics 
width on motor output 

(c) Effect of ceramics 
angle on motor output 

(d) Effect of stator length 
on motor output 

Fig. 2 Effect of the four y design parameters on the 
vibration characteristics 

ke

Fig. 2 shows the e ect of the four key design 
parameters on the vibration characteristics. An 
optimal combination of the design parameters is 
selected after comprehensive comparison: 0.5 mm 
ceramics thickness, 1.5 mm ceramics width, 17
ceramic orientation angle, 26 mm stator length and 
3 mm stator diameter. 

A prototype motor with parameters above has 
been fabricated (see Fig.3). Stainless steel and 
PZT-8 ceramics (provided by HAIYING Enterprise 
Group Co., Ltd.) are selected as the metal and 
piezoelectric materials, respectively. Motor output 

characteristics experiments were conducted. The 
experimental results show that the motor has 1.5 
mm/s translational and 85 r/min rotary speed with 
no-load and 80Vp-p input voltage. 

Fig. 3 Prototype of rotary-linear 2-DOF ultrasonic motor  

5. Conclusion 
This work reports the design, modeling, 

optimization and tests of a new rotary-linear 2-DOF 
micro ultrasonic motor. The motor structure along 
with the stator design and the operating principle 
provide unique functionality and properties.
Moreover, a model based optimization algorithm on 
the stator design is described, which can be utilized to 
improve the output performance and stability of the 
ultrasonic motor. This study has the high practical 
value and wide application prospect.
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