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Abstract. Featured by advantages of low speed, large torque, fast response and being free from 
external magnetic field interference, the linear ultrasonic motor enjoys fast development in recent 
years. The single layer U-shaped motor has a flat structure as it makes use of d31 effect of 
piezoelectric ceramics and adopts integrated vibrators, but its output force is unsatisfactory. In this 
paper, the structure of the linear ultrasonic motor with a laminated stator was proposed, which was 
made of two identically single U-shaped stators. The finite element model for stators of ultrasonic 
motor was built by ANSYS to carry out modal analysis and structure optimization. The workbench 
of the motor was designed by PROE, and then, the designed stators and workbench were processed 
and assembled into a motor. The swept-sine modal test was carried out to verify the feasible of 
the simulation. Finally, the mechanical performance of the laminated ultrasonic motor was tested, 
and comparison was also carried out with single layer U-shaped ultrasonic motor. The results 
showed that the maximum output force of the laminated motors increases by 40 % than that of 
single layer U-shaped motor, while the maximum velocity increased by 38 %, which showed that 
the mentioned design of the laminated ultrasonic motor was feasible. Finally, in order to further 
expand application of the linear ultrasonic motor designed in this paper, it was compared with the 
existing linear ultrasonic motors in terms of assembly and mechanical performances in this paper. 
It is shown that the linear ultrasonic motor designed has more prominent performances in these 
aspects. 
Keywords: linear ultrasonic motor, laminated U-shaped stator, modal analysis, mechanical 
performance. 

1. Introduction 

The traditional electromagnetic motors have become very mature in theories, structural design, 
production, manufacture and applications through nearly 100 years. With development of science 
and technologies, current fields such as aerospace, precise instruments and medical 
instrumentations have put forward more new requirements for motors, such as small length, low 
noise, light weight, and freedom from electromagnetic interference. As a result, the traditional 
electromagnetic motors can no longer satisfy these requirements, because they were limited by 
operation principles, structural forms and so forth [1-3]. Therefore, it was necessary to research 
and produce new type of motors to take place of electromagnetic motors in some fields. The 
ultrasonic motor was one of the advanced micro motors. Its appearance made up deficiencies of 
the traditional electromagnetic motors. 

As a type of ultrasonic motors, the linear ultrasonic motor can realize highly precise location 
and velocity control except for advantages owned by the common ultrasonic motors. It had also a 
simple structure and low cost for production and maintenance [4, 5]. It can also adopt multiple 
shapes. Therefore, it was widely used.  

At present, the linear ultrasonic motor has been researched by a lot of scholars [6]. Fornandez 
conducted the detailed analysis of the linear ultrasonic motor and pointed out its advantages from 
theories [7]. Frangi carried out simulation of mechanical performances for the linear ultrasonic 
motor based on the finite element method and obtained a new type of motor with more prominent 
mechanical performances [8]. Lu designed a new type of linear ultrasonic motor with double drive 
feet, and its mechanical performances were researched by combining experiments with simulation 
[9]. In addition, Smithmaitrie observed change trends of mechanical performances for the linear 
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ultrasonic motor by changing parameters of piezoelectric ceramic pieces [10].  
However, the linear ultrasonic motors with laminated type and plate attached type stators [11] 

were mainly adopted in the mentioned researches. The linear ultrasonic motor with laminated type 
stator which made use of d33 effect of piezoelectric ceramics had large output force and high 
energy conversion rate, but it had a complicated structure and it’s also difficult to be assembled. 
The linear ultrasonic motor with plate attached type stator had flat structure, and it made use of 
d31 effect of piezoelectric ceramics and adopted integrated vibrators. However, its output force 
was unsatisfactory. Based on the advantages of the two types of motors, the linear ultrasonic motor 
with a laminated U-shaped stator was proposed in this paper, which stator was consists of two 
identical U-shaped stators. This type motor can simplify the structure to meet the requirement of 
dimensions and can also solve the problem of low operation efficiency and small output. There 
has been no research on this type of ultrasonic motor so far. Therefore, the structural design of 
this kind of motor was very meaningful.  

2. Basic theory 

2.1. Theory of the motor 

The uniform rectangular thin sheet has mainly three basic vibration modes. The first is 
retractable mode in-plane, the second is bending mode in-plane and out-of-plane, and the third is 
torsional mode in-plane. The other modes are made of the mentioned three basic modes. With 
mode in-plane as the operation mode of linear ultrasonic motor, the structure can be simple [12]. 

The ultrasonic motor can operate normally when the resultant movement of the particles on 
the surface of stator or rotor is elliptical motion. The quality of the elliptical orbit will directly 
affect the output performance of the linear ultrasonic motor [13]. Generally, lower order of 
vibration mode should be selected to acquire larger mechanical output force. The operation mode 
of the ultrasonic motor designed in this paper is retractable mode and bending mode in plane of 
stators. 

Piezoelectric ceramic pieces will excite the stators to enable them to achieve the work 
condition of the first-order longitudinal vibration and the second-order bending vibration. 
Longitudinal vibration mainly causes the horizontal displacement to drive the movement of the 
guide rail, while bending vibration mainly causes vertical displacement to appear intermittent 
contact and separation between the stators and the guide rail. Under the function of 
pre-compression, the superposition of the two modes enables the stators to rub with the guide rail 
intermittently, and then the guide rail is driven by the friction to form rectilinear motion. When 
the phase difference between the two modes is 90°, an elliptical motion orbit will be formed at the 
contact points.  

2.2. Modal analysis on the motor  

To learn the basic vibration characteristics of the stator structure, modal analysis was carried 
out on the stator structure by using its resonance feature. 

Under the condition of linear time invariant, the vibration equation of a continuous structure 
system is: [ۻ]{ܠሷ {(ݐ) + ሶܠ}[۱] {(ݐ) + {(ݐ)ܠ}[۹] = ,{(ݐ)܎} (1)

where [ۻ] is the mass matrix of the system. [۱] is the damping matrix of the system. [۹] is the 
stiffness matrix of the system. {(ݐ)ܠ} is the displacement response vector of the system. {(ݐ)܎} is 
the excitation force vector of the system. 

The finite element vibration equation of the system without considering damping is: [ۻ]{ܠሷ {(ݐ) + {(ݐ)ܠ}[۹] = 0. (2)
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Its solution can be assumed as the following form: {ݑ} = {૖}sin(߱ݐ + ,(ߠ (3)

where {૖} is the ݊th order vector. ߱ is the vibration frequency of vector {૖}. ߠ is initial phase 
angle, which can be determined according to the initial conditions. Substitute Eq. (3) into Eq. (2) 
to obtain the follows: ([۹] − ߱ଶ[ܯ]){૖} = {0}. (4)݊  characteristic solutions (߱ଵଶ, ߶ଵ) , (߱ଶଶ, ߶ଶ) ,…, (߱௡ଶ, ߶௡)  can be acquired by solving the 
mentioned equation, where characteristic values ߱ଵ, ߱ଶ,…, ߱௡ represent ݊ inherent frequencies 
of the system, characteristic vectors {߶ଵ}, {߶ଶ},…, {߶௡}, represent ݊ inherent vibration modes of 
the system. 

The following orthogonal characteristic exists between the inherent vibration modes of the 
structure and the mass matrix [ۻ] as well as the stiffness matrix [۹]: [઴]்[ۻ][઴] = [۷],   [઴]்[۹][઴] = [઩], (5)[઴] = [߶ଵ ߶ଶ ⋯ ߶௡], (6)

[઩] = ێێۏ
ଵଶ߱ۍ 0߱ଶଶ ⋯0 ߱௡ଶۑۑے

,ې (7)

where [઩] and [઴] are referred to the matrix of inherent frequencies and the matrix of inherent 
vibration modes, respectively.  

3. Structure design of the laminated U-shaped stator 

3.1. Laminated U-shaped stator 

The stator structure was designed to the following type which was made of two parts of metal 
elastomer and piezoelectric ceramic pieces, where the metal elastomer was U-shaped structure  
[14] which was made of beryllium copper through wire cutting. Meanwhile, flexible clamps with 
bolt holes were cut on both sides of the U-shaped elastomer [15]. The stators were fixed on the 
base by bolts. The rotors were driven to move by the drive foot which was the top point of the  
U-shaped stator [16]. Piezoelectric ceramic pieces were pasted on the vibration rods which was 
two feet of the U-shaped stator, and the piezoelectric material was PZT8. 

The selected operation mode is the first-order longitudinal mode and the second-order bending 
mode. Firstly, the finite element model of the laminated U-shaped stator was built by ANSYS 
software, then modal analysis was carried out and parameters of the single stator were optimized 
by means of parameter optimization function as the following. The height of the drive foot was 
the variable parameter, while other structure parameters were unchanged. The structure would 
have an optimal parameters when the work frequencies of the first-order longitudinal vibration 
modal and the second-order bending vibration modal were very close, and there was no other 
modal interference near this frequency. The optimal parameters were shown in Fig. 1, and the 
geometry model of the laminated U-shaped stator was shown in Fig. 2. 

The first-order longitudinal mode and the second-order bending mode of the laminated  
U-shaped stator were obtained by the finite element model as shown in Fig. 3 and Fig. 4. 

The frequency of the first-order longitudinal vibration and the second-order bending vibration 
was obtained as shown Table 1. The difference value between the two operation frequency was 
192 Hz, which could meet the requirement of frequency consistency. 
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Fig. 1. Parameters of the laminated U-shaped stator after optimization  

Fig. 2. Diagram of the geometry model for the 
laminated stator 

 
Fig. 3. Diagram of the first-order longitudinal mode 

 

 
Fig. 4. Diagram of the second-order bending mode 

Table 1. Operation frequency of the motor  
Operation mode Frequency / Hz Difference value / Hz 

First-order longitudinal mode 58257 192 Second-order bending mode 58449 

3.2. Integrated design of the motor structure  

The workbench of common ultrasonic motor can be purchased directly. However, the structure 
of the laminated motor was special. In this paper, a precise workbench was designed based on the 
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advantages of linear ultrasonic motor as shown in Fig. 5. It had the following characteristics. 
Firstly, there was no mechanical friction between the workbench and the guide rail as well as the 
drive foot. Secondly, the inherent frequency of the workbench was far from the operation 
frequency of the motor to avoid resonance. The detailed structure parameters of the workbench 
was shown in Fig. 6, and the final real ultrasonic motor was obtained through processing and 
assembling as shown in Fig. 7. 

 
Fig. 5. The workbench of the laminated motor 

 
Fig. 6. Structural parameters of the workbench 

 
Fig. 7. Diagram of the real ultrasonic motor 

3.3. Experimental verification of the simulation analysis 

In order to verify the feasible of the simulation analysis, the swept-sine modal test by means 
of HP35670A which was a dynamic signal analyzer was carried out on the real laminated 
ultrasonic motor. The experiment results were shown in Fig. 8, it could be seen from the figure 
that the frequency of the first-order longitudinal vibration and the second-order bending vibration 
were 58.33 kHz and 58.49 kHz, respectively. They were consistent with the simulation results, 
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which showed that the simulation analysis was feasible. 

a) The frequency of the first-order longitudinal 
vibration 

b) The frequency of the second-order bending 
vibration 

Fig. 8. Experimental results of the swept-sine modal test 

4. Experiment and analysis on the mechanical performance  

4.1. Experiment design 

The mechanical performance test of the laminated motor and single U-shaped motor was 
completed by the experimental facility as shown in Fig. 9. The driving platform of the motor is 
composed of signal generator and power amplifier, and the motor performance test system is 
composed of motor, force sensor and oscilloscope. The driving platform of the motor controls the 
output mechanical performance of the motor by adjusting the amplitude, phase and frequency of 
the input signals in certain range. The output performances such as the no-load velocity, 
acceleration and output force of the motor can be measured by the test system. Meanwhile, the 
influence of the pre-compression force on the mechanical performance of the motor can be 
researched by the force sensor.  

The operation frequency had been obtained by simulation and experiment, so the test 
frequency of the motor was controlled in the range of 57.5 kHz-59.5 kHz, hence, the motor 
performance could be ensured to be in a good operation status. 

 
a) Ultrasonic motor 

 
b) Signal generator 

 
c) Power amplifier 

 
d) Dynamometer 

 
e) Oscilloscope 

 
f) Winanal software 

Fig. 9. Experimental facility of the mechanical performance test 

4.2. Experimental results and analysis 

In order to decide the most appropriate operation frequency of the laminated ultrasonic motor, 
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we tested the mechanical performance of the laminated ultrasonic motor under different operation 
frequency as shown in Fig. 10. 

 
a) The maximum velocity with the change of pre-compression force 

 
b) The maximum acceleration with the change of pre-compression force 

 
c) The maximum output force with the change of pre-compression force 
Fig. 10. The mechanical performance of the laminated ultrasonic motor  

It could be seen from Fig. 10 that the mechanical performance such as velocity, acceleration 
and output force had an obvious change with the operation frequency. In addition, the laminated 
ultrasonic motor would achieved a better performance in 58.5 kHz, because this frequency was 
more close to the frequency of the first-order longitudinal vibration and the second-order bending 
vibration, which were the main operation modal. Moreover, the mechanical performance of the 
laminated ultrasonic motor had a larger change with the increase of the pre-compression force. 
There should be an optimum numerical of pre-compression force, and its value should be 
determined by different application condition. In order to verify the advantages of the laminated 
ultrasonic motor, the optimal mechanical performance was compared with that of the single 
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U-shaped motor as shown in Fig. 11 and Fig. 12. 

 
Fig. 11. Comparison of the maximum velocities between two types of ultrasonic motor 

 
Fig. 12. Comparison of the maximum output force between two types of ultrasonic motor 

It could be seen from Fig. 11 and Fig. 12 that the mechanical performance of the laminated 
was better than that of the single U-shaped motor, and the detailed description was shown in the 
following. Under the operation frequency of 58.5 kHz, the maximum output force of the single 
U-shaped motor was approximate 13 N, and its maximum velocity was 145 mm/s. However, 
under the same operation frequency, the maximum output force of the laminated motor was 
approximate 18 N, and its maximum velocity was 200 mm/s. The maximum output force of the 
laminated motor increased by approximate 40 % than that of the single U-shaped motor, while the 
maximum velocity increased by 38 %. This result was satisfactory, which showed that the 
mentioned design of the laminated ultrasonic motor was feasible. 

5. Advantages of linear ultrasonic motor with a laminated U-shaped stator 

The ultrasonic motor designed had prominent mechanical performances when it was compared 
with the single U-shaped ultrasonic motor. However, it was still necessary to research whether its 
performances were better than those of other existing linear ultrasonic motors in order to expand 
application. It was pointed out in introduction that the linear ultrasonic motors which were widely 
used at present were mainly divided into two types, and they were laminated type and plate 
attached type, respectively. As a result, the traditionally laminated linear ultrasonic motor and 
plate attached linear ultrasonic motor were selected to test their mechanical performances. Three 
types of motors had similar operation modals in order to make that the subsequent comparison 
was rigorous. And then, maximum velocities and output forces of two types of traditionally linear 
ultrasonic motors were tested, respectively. These parameters can be used to show mechanical 
performances of the linear ultrasonic motors. The experimental diagram was shown in Fig. 13. 



1643. STRUCTURE DESIGN OF LINEAR ULTRASONIC MOTOR WITH A LAMINATED U-SHAPED STATOR BASED ON MODAL ANALYSIS.  
BAO-JIANG SUN 

1900 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. JUN 2015, VOLUME 17, ISSUE 4. ISSN 1392-8716  

Results of this experiment were compared with the laminated U-shaped linear ultrasonic motor, 
as shown in Fig. 14 and Fig. 15. 

 
a) Traditional laminated linear ultrasonic motor 

 
b) Traditional plate attached linear ultrasonic motor 

Fig. 13. Experimental diagram of the traditionally linear ultrasonic motors 

It was shown in comparison between Fig. 7 and Fig. 13 that the traditionally laminated linear 
ultrasonic motor had a complicated structure and was relatively difficult in assembly. The 
traditionally plate attached linear ultrasonic motor and the motor designed in this paper had a 
relatively simple structure and occupied much smaller volumes. Therefore, the linear ultrasonic 
motor designed in this paper had certain superiorities. 

 
Fig. 14. Comparison of maximum velocities between three types of linear ultrasonic motors 

 
Fig. 15. Comparison of maximum output forces between three types of linear ultrasonic motors 

It was shown in Fig. 14 that maximum velocities of two types of laminated linear ultrasonic 
motors were much larger than that of the plate attached type. This result was consistent with the 
existing researches. In addition, maximum velocities of two types of laminated linear ultrasonic 



1643. STRUCTURE DESIGN OF LINEAR ULTRASONIC MOTOR WITH A LAMINATED U-SHAPED STATOR BASED ON MODAL ANALYSIS.  
BAO-JIANG SUN 

 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. JUN 2015, VOLUME 17, ISSUE 4. ISSN 1392-8716 1901 

motors had very small differences. It was shown in Fig. 15 that maximum output force of the 
laminated U-shaped linear ultrasonic motor was obviously larger than those of other two types of 
ultrasonic motors. Therefore, the laminated U-shaped linear ultrasonic motor also had relatively 
prominent mechanical performances. 

Advantages of two types of traditionally ultrasonic motors were integrated into the laminated 
U-shaped linear ultrasonic motor. As a result, the U-shaped linear ultrasonic motor had obvious 
superiorities in assembly and mechanical performances. It had been also put into production and 
application at present. 

6. Conclusions 

In this paper, structure design of the laminated ultrasonic motor is proposed innovatively. The 
motor structure is designed and optimized by PROE and ANSYS software. Output performance 
experiment and modal experiment are carried out after assembly. The following conclusions can 
be obtained. 

1) The optimum operation frequency of the single U-shaped motor and the laminated motor 
are both approximate 58.5 kHz, and the laminated-shape in height basically has no influence on 
the operation efficiency.  

2) Under the operation frequency of 58.5 kHz, the maximum output force of the single 
U-shaped motor was approximate 13 N, and its maximum velocity was 145 mm/s. However, 
under the same operation frequency, the maximum output force of the laminated motor was 
approximate 18 N, and its maximum velocity was 200 mm/s. The maximum output force of the 
laminated motor increased by approximate 40 % than that of the single U-shaped motor, while the 
maximum velocity increased by 38 %. This result was satisfactory, which showed that the 
mentioned design of the laminated ultrasonic motor was feasible. 

3) Pre-compression force has a huge influence on the mechanical characteristics of the 
ultrasonic motor. When the input voltage and excitation frequency are constant, the maximum 
velocity and output force are different under different pre-compression force. There should be an 
optimum numerical of pre-compression force, and its value should be determined by different 
application condition. 

4) The mechanical performance of the laminated ultrasonic motor is improved significantly 
when it is compared with that of the single U-shaped motor. Moreover, its motor structure is 
simple. 

5) It is compared with the existing linear ultrasonic motors in terms of assembly and 
mechanical performances in this paper. It is shown that the linear ultrasonic motor designed has 
more prominent performances in these aspects. 
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