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Travelling Wave Rotary Ultrasonic Motor 
with Novel Hollow Segments Stator
M.F.M. Sunif* and F.R.M. Romlay*

Abstract :  This paper presents the method of determining and characterizing of a piezoelectric stator profi le 
that applying in an ultrasonic motor with the consideration of heat that was generated. The ultrasonic motor 
is driven by the vibration of the piezoelectric element in order to ignite a motion. The harmonic and transient 
analysis methods are used to predict the optimized operation frequency of the ultrasonic motor travelling 
wave. Then, the thermal analysis was conducted in order to analyse the heat distribution on the stator. The 
ultrasonic motor showed a different longitudinal defl ection with the increment of the temperature. Verifi cation 
experiment is conducted through torque performance measurement. Travelling wave optimization was found 
to be strongly dependent on the heat that generated by piezoceramic material. 
Keywords: Travelling wave; ultrasonic motor; stator.

1. INTRODUCTION
Motor is a device that is driven by electromagnetic force which involves conversion of electrical energy 
to mechanical energy [1]. On the other hand, ultrasonic motor is a device that is driven by piezoelectric 
vibrations to convert electrical energy to mechanical energy [2]. Ultrasonic motor consists of piezoceramic, 
electrode, stator and rotor as its components. The stator surface is coupled with piezoceramic and AC 
voltages are supplied through electrodes. The voltages displace the stator in an elliptical trajectory. 
In response to the stator displacement, the rotor rotates simultaneously [3, 16 ].  The travelling-wave 
piezoelectric ultrasonic motor (TWUSM) has recently been attracting considerable attention due to the 
high torque compare to the volume ratio, bigger torque at lower speed, long life span and high stability in 
use. Furthermore, ultrasonic motor provides free electromagnetic interference [4]. 

However, a lot of efforts were required to produce a robust ultrasonic motor. In the earlier development 
of ultrasonic motor, heat generation was not considered [5], [6], [7]. An overheating was caused depoling 
of the piezoceramic [8]. As a result, the motor is not suitable for continuous and long operation.   

To overcome the heat problem, factors that caused heat generations were studied and reported [9]. 
Mathematical modelling of the temperature distribution was established using three-dimensional fi nite element 
method [10]. Devos et al. proved that the resonant mode working principal had reduced the heat dissipation 
[11]. However, a lot of heat is still generated and effective method to reduce the heat is still needed.

In order to reduce the generated heat of ultrasonic motor, heat distribution model for ultrasonic motor 
must be established.  In this study, heat effect modelling of ultrasonic motor stator was developed. The top 
surface of the stator profi le was modeled and analysed.

2. HEAT GENERATED BY ULTRASONIC MOTOR

The heat suppression of the piezoceramics is depending on the mechanical quality factor, Q which defi ned 
as a ratio of energy stored and loss for each of an oscillation [12]. With a high mechanical quality factor, 
Q, less heat was generated and this parameter must be taken into consideration [8]. 
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The generated heat during the vibrations infl uences dielectric loss of piezoceramic material. The 
relation of the piezoceramic temperature, T with the dielectric loss is shown as equation (1) [13].

 T = o
RT
U

+  (1)

where To is the ambient temperature, R is the thermal resistance of the dielectric and U is the voltage 
supplied.  The thermal resistant, R is numerically appropriate to the temperature increment during the 
conversion into thermal energy. 

The increment of the piezoceramics temperature was able to infl uence driving frequency, of the 
stator and the relation of both factors is given as [14]:   

  = 4 7 2 1 2
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where o  is a natural frequency. The heat that affects the frequency can infl uence displacement of the 
stator, uz in a function of radius, r, angle,  and time, t based on equation below [15].
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The equations above integrate the properties such k denotes a modal damping coeffi cient, k denotes 
a phase lag, k denotes a frequency constant and  denotes a Poisson’s ratio. On the other hand, geometry 
properties were represented by b which denotes an inner radius, a denotes an outer radius, h denotes a 
half-thickness of the plate,  denotes a mass density of the material, Jk denotes a Bessei functions and Ik 
denotes a modifi ed Bessei functions.

3. METHODOLOGY OF ULTRASONIC MODELLING

Two structures of USR 6060 Shensei ultrasonic motor stator was used in the experiment of heat dissipation. 
The stators were made by copper material that divided into 90 pieces of segment and they are supported 
by piezeceramic at bottom side. One of the USR 6060 Shensei stator was modifi ed by drilling holes at 
side surface for each divided segments as shown in Figure 1. The holes makes the stator segments appears 
as hollow geometry instead of solid. The design was considered as a novelty for ultrasonic motor stator.   

Finite element analysis (FEA) was applied using MSC Marc Mentat software to simulate the 
vibration characteristic. Computational aided design (CAD) was developed by integrating 143 elements 
of piezoelectric material and 528 elements of 3-D solid. The elements were in hexagon shape. 

The structure was simulated using harmonic mode analysis to identify the optimized frequency that 
provides the highest displacement on Z-axis. The range of the frequency is set from 1 to 50 kHz. 
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Holes stator

Figure 1: The structure of the stator of ultrasonic motor

Then, the optimum frequency of the harmonic analysis was used as an input for transient analysis. The 
transient analysis was further preceded by providing two sinusoidal input functions which were shifted 
90° from each other. The transient analysis was run for 3 ms to see the vibration profi le of the top stator 
surface. 

4. RESULTS

Harmonic fi nite element analysis of USR 6060 Shensei ultrasonic motor stator was run and mode shape 
results were obtained. The optimized mode shape frequency was determined by analysing the highest 
Z-axis displacement.  From this point of view, frequency 40.6 kHz was the optimized frequency that 
provides the highest Z-axis displacement. 

0 Time (x. 0001) 3.125
–1.107

1.207

Displacement Z Node 2909 (x1e– 9)
Transient MSC Software

Figure 2: FEA of Z-axis displacement of node 2909 for Shensei stator

Based on harmonic analysis result, transient analysis at 40.6 Hz for USR6060 Shensei stator was run. 
The same frequency was applied for the hollow segments stator. The reason for using the same frequency was 
to investigate the effect of Z-axis displacements that cause by the hollow structure and not by other factor. For 
this purpose, Z-axis displacements for certain of period were established. The displacement profi le for standard 
USR6060 Shensei stator and hollow segments stator were shown in Figure 2 and 3 respectively.
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Stator profi le that drives the rotor is interested and a local point at the top surface is selected. Node 
2909 was chosen for further analysis.

Figure 2 shows the profi le of the node 2909 for the USR6060 stator at 300 K temperature.   This condition, 
which was closed at room temperature was considered as the initial stage of the ultrasonic motor operation. The 
maximum displacement that performed by the node 2909 at this condition is 1.207 nm.

The same condition was applied to the hollow segments stator. For the hollow segments stator, the 
maximum Z-axis displacement for node 2909 is 2.258 nm as given by Figure 3. 

Displacement Z Node 2909 (x1e– 9)
Transient MSC Software

2.258

–2.269
0 Time (x. 0001) 3.125

Figure 3: FEA of Z-axis displacement of node 2909 for hollow stator

It was shown that the hollow structure can infl uence the profi le displacement of the ultrasonic motor 
stator. Indirectly, an addition of hollow shapes enables to improve the ultrasonic motor performance.

Since displacements have a relation with dissipated heat, heat transfer simulation and result verifi cation 
were run through the temperature measurement experiment during the operation. The heat dissipation of 
USR 6060 Shensei and hollow segments stator were compared.
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Figure 4: Stator temperature measured.
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Through the experiment, hollow segments stator releases more heat compare to USR 6060 Shensei 
stator as illustrated in Figure 4. This happened because hollow segment stators have more surface area 
that allows more heat to dissipate. High dissipated heat means low heat was stored. The advantage reduces 
dielectric loss phenomena. The effect of the  low loss, the save energy contributes to displacement profi le 
amplitude. This would allow torque of ultrasonic motor to be improved.

Shensei Stator Hollow Stator

0.80

0.60

0.40

0.20

0.00

T
o
rq

u
e

(N
m

)

0.00 1.00 2.00 3.00 4.00

Command Voltage (V)

Figure 5: Torque performance of the ultrasonic motor

Figure 5 shows the hollow stator provides higher torque compare to the Shensei stator. The maximum 
torque of modifi ed hollow stator was 0.60 Nm while Shensei stator was 0.58 Nm. The maximum torque 
was plotted at 0.20 V. The minimum torque for modifi ed hollow stator was 0.36 Nm while Shensei stator 
was 0.20 Nm. The minimum torque was plotted at 3.20 V of the input signal.  The torque experiment 
verifi ed the fi nding accordingly.

5. CONCLUSION

As the conclusion, the dielectric loss that converted into heat can signifi cantly infl uence the Z-axis 
displacement. A better way of controlling the dielectric loss will determine the stator surface defl ection 
and directly contributed to the ultrasonic motor torque and speed improvement.  

In order to gain the highest Z-axis displacement, the heat fl ux of the stator needs to be increased. By 
increasing the rate of the heat release, ultrasonic motor can provide a better performance. 

It is suggested that the model of ultrasonic motor stator need to be verifi ed through speed characteristic. 
Therefore, the rotor performance needs to put into account. This characteristic will determine the ultrasonic 
motor performance in overall.
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