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1.  Introduction 

 

Ultrasonic motors (USMs) are a new type of motor 

that uses piezoelectric units to generate ultrasonic vibration 

in the stator and uses the vibration of the stator to drive the 

rotor by friction force between the rotor and stator. USMs 

bear many advantages, such as low speed and large output 

force, self-locking on power off, quick response, high posi-

tioning precision, and excellent electromagnetic compatibil-

ity. 

According to the motion type, USM can be classi-

fied into linear ultrasonic motors (LUSM) and rotary ultra-

sonic motors. LUSM have rapidly developed in recent years. 

They are widely applied in areas such as semiconductor 

manufacturing, aeronautic and astronautic appliances, pre-

cise position stages, biomedical equipment, optic fiber 

alignment facilities, and miniaturized information systems 

[1].  

LUSMs utilizing bending modes of a beam were 

proposed under direct inspiration of the idea of the disk type 

travelling wave rotary USM. Both travelling wave and 

standing wave excitation methods have been developed for 

this type of motor [2-4]. An LUSM utilizing the L1-B2 

mode of a plate has attracted attention for its explicit work-

ing mechanism [5-8]. Elliptical motions are formed on one 

or two tips on the stator to drive the slider. The LUSMs op-

erating in L1-B2 mode have been commercialized by Na-

nomotion Company and are being applied to many engi-

neering cases and as precise actuators. The V-type or U-type 

motors have also been the focus of extensive research due 

to the simple structure. These motors utilize the symmetric 

and asymmetric mode of two piezoelectric transducers as 

working modes. The two transducers form an angle or a par-

allel hinge. When the two transducers are excited with a 90-

degree temporal phase difference, an elliptic motion is gen-

erated at the tip of the angle or hinge [9-13]. These three 

motor types are complicated because of the separate slider 

and stator. Thread-drive LUSM is a comparatively new 

LUSM, which uses the wobbling motion or in-plane modes 

of a tube through thread contact. The mover is contained in 

the stator, making its structure compact.  New Scale devel-

oped a thread-drive, tube-type LUSM named SQUIGGLE, 

which utilizes two degenerate, first-order bending modes of 

a slim tube [14-15]. A two-degrees of freedom fiber optic 

positioning mechanism, named Cobra, has been developed 

based on the SQUIGGLE motor [16]. The Cobra mecha-

nism will be mounted on the Subaru telescope on Mauna 

Kea, Hawaii for positioning optical fibers to allow observa-

tions of cosmologic targets.  

Many demands for hollow mini motors have 

emerged in wide areas, such as precise optical instruments, 

modern medical devices, and precise machining devices, 

where a hole is needed for light transmission, optic cable 

[17], or electric wire. We have developed a thread-drive, 

nut-type travelling wave LUSM that utilizes the two second-

order or third-order bending modes in the section plane [18-

20]. The stator and rotor are both hollow. The motor is easy 

to minimize. It is appropriate for autofocusing and zooming 

in cell phone cameras, microsurgery manipulation, MRI, 

and mechanical tuning for high temperature superconductor 

filters and precision instruments. In this paper, stators with 

four PZT plates and with eight PZT plates are studied. For 

the stator with four PZT plates, the number of PZT plates 

used is reduced to increase the vibration amplitude and im-

prove the motor performance because the PZT has larger in-

ternal loss than brass, and extra PZT plates add to the stiff-

ness of the stator. The internal loss and stiffness are both 

impeding aspects for the resonant vibration amplitude of the 

stator. 

 

2.  Working principle and design of the stator 

 

2.1. Working mechanism 

 

Fig. 1 The theoretical model of the nut-type stator 

The nut-type ultrasonic motor utilizes two degen-

erate bending modes in the section plane of a cylindrical 

shell to generate a travelling wave transmitting along the cir-

cumference. The plane strain vibration equations of a cylin-

drical shell in a cylindrical coordinate system with coordi-

nates zθr   are: [1] 
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where v and w are the circumferential and radial displace-

ment, denotes the thickness of the shell, ρ   denotes the 

mass density, and R is the radius of the neutral surface 

(Fig. 1). μ is Poisson’s ratio, E is Young’s modulus, and
22

12 R/hk  . 

 

 a b c 

Fig. 2 The mode shapes in a section plane for a - n = 2; 

b - n = 3; c - n = 4 

The equations have the following solutions: 
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where ω is the angular frequency, and An1, An2 and Bn corre-

spond to the amplitudes. The two solutions correspond to 

two degenerate nth order radial bending vibration modes in 

section plane (r – θ plane). The initial three modes are given 

for n = 2, 3, 4, and they are shown in Fig. 2. 

By substituting the solutions into the vibration 

equation, the following frequency equations can be obtained. 
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The solution of the above equation is the resonant 

frequencies of the modes, that is: 
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The working modes used here are the two degen-

erate 3rd bending modes in the section plane (Fig. 3). 

 

Fig. 3 The 3rd-order bending modes in the r – θ plane 

When the two working modes are excited equally 

with phase difference π / 2 in time, a travelling wave is gen-

erated in the stator. The displacement of a cylindrical shell 

with travelling wave can be expressed as: 
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Thus, the relationship between the displacements 

in the r and θ directions can be determined as: 
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where A is the amplitude of the travelling wave in the stator. 

The above equation indicates that the trajectories of points 

on the inner surface of the stator are elliptical. Eq. (5) shows 

that the trajectories are of the same clock direction. When a 

cylindrical rotor is placed inside the stator and their surfaces 

form a cylindrical contact pair, the travelling wave in the 

stator drives the rotor to rotate. 

 

2.2. The mechanical quality factor Q of the stator 

 

The stator of a USM is actually a piezoelectric 

transducer. The mechanical quality factor Q is an important 

factor to evaluate a piezoelectric transducer. Q is the ratio of 

the mechanical energy stored in the stator to the mechanical 

energy loss in the stator in a vibration period, as Eq. 7 shows: 
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Thus, the Q factor is positively correlated with the 

energy efficiency of the stator. For the same stator structure 

and load, a higher Q factor indicates a higher energy effi-

ciency. Furthermore, the magnitude of Q is very important 

in evaluating the magnitude of the resonant strain. The vi-

bration amplitude at an off-resonance frequency is amplified 

by a factor proportional to Q at the resonance frequency. It 

can be calculated from the impedance spectrum according 

to the following equations: 
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In which, fr is the resonant frequency of the stator, 

and f1 and f2 are the upper and lower half-power frequencies. 

 

2.3. Design of the hollow nut-type motor 

 

The hollow, linear, nut-type ultrasonic motor con-

sists of three parts: a metallic main body, a rotor and piezo-

electric elements as shown in Fig. 4. The elastic body is a 

nut-type, metal tube, which has threads on the inside surface 

and eight flat surfaces on the outside surface. The rotor is a 

hollow threaded screw, whose threads match that of the sta-

tor, so that only relative helical motion is allowed between 

the stator and the rotor. The piezoelectric elements are rec-

tangular sheets polarized in the thickness direction. They are 

bonded to the external faces of the octagon metal tube to 

form a stator. Because the wall of the stator is very thin and 

the thickness to radius ratio is very small, a theoretical 
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model of the stator can be simplified as a cylindrical shell, 

as analyzed in Section 2.1 (Fig. 2). The stator utilizes two 

3rd-order bending modes in the section plane as working 

modes to form a travelling wave. The thread contact pair be-

tween the rotor and stator then transforms the rotation of the 

rotor into helical motion (linear and synchronous rotation). 

 

       

 a b 

Fig. 4 Structure of the hollow, linear, nut-type ultrasonic motor: a - assembly view; b - exploded view 

Table 1 

Physical and electrical properties of PZT 

Stator 

Young’s 

modulus, 

GPa 

Young’s 

modulus 

along 33, 

GPa 

Young’s 

modulus 

along 11, 

GPa 

Young’s 

modulus 

along 55, 

GPa 

Pois-

son’s 

ratio 

Density, 

kg m−3 

Piezoelectric 

constant, d31, 

×10−12 mV−1 

Quality 

factor 

Loss 

coeffi-

cient 

Brass 1.15 – – – 0.3 8900 – – 0.002 

PZT5 – 0.63 0.76 0.23 – 7500 −274 60 0.0166 

 

A stator with four PZT plates and a stator with eight 

PZT plates were fabricated. The stator with four PZT plates 

was proposed for consideration of the increased vibration 

amplitude and improved motor performance. Because PZT 

ceramics have considerably larger mechanical loss than 

brass, as observed from Table 1, four PZT plates may output 

larger net output power, even though the total input electri-

cal energy is smaller for a reduced conversion capability. 

 

3. Experiments 

 

Prototype nut-type motors with four and eight PZT 

plates were fabricated. Octagon nut-type ultrasonic stators 

with 12 mm thread diameter, 0.5 mm thread pitch, 5 mm 

side length, and 6-mm height were fabricated (Fig. 5). The 

thickness of the PZT plates was 0.2 mm. The electrome-

chanical converting elements were PZT5 (Pb(TixZr1-x)O3). 

They were bonded to the stator body with epoxy gel. The 

stator body was made of brass and acts as the common elec-

trical ground for all PZT plates. The characteristics of the 

materials used are listed in Table 1. The table shows that the 

PZT5 has a larger loss coefficient than that of brass. PZT 

plates were polarized and connected, as shown in Fig. 6. The 

group of PZT plates connected to the cos ωt signal excites 

the 3rd-order bending modes in the section plane, and the 

group of PZT plates connected to the sin ωt signal excites 

the other working mode, with a π / 2 phase difference in the 

time domain. 

Taking each PZT plate as a standing wave source, 

the travelling wave generated in the stator with four PZT 

plates can be calculated as: 
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where ur is the displacement in the radial direction. The trav-

elling wave generated in the stator with eight PZT plates can 

be calculated as: 
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Fig. 5 Dimensions of the stator 

 

a 

 

b 

Fig. 6 The practical polarizing and connection of the sta-

tors: a - polarizing and connection of the stator with 

four PZT plates; b - polarizing and connection of the 

stator with eight PZT plates 

3.1. Modal analysis and impedance spectrum measurement 

Table 2 

Parameters obtained from the impedance  

spectrum measurement 

Numberof PZT fr, Hz f1, Hz f2, Hz Q 

Four  16400 16364 16443 208 

Eight  18184 18114 18262 128 

 

Modal analysis of the two stators was conducted 

using commercial finite element method software (Figs. 7-

8). All studied structures showed the same 3rd-order bend-

ing modes in the r – θ plane. The resonant frequencies of the 

stators are 16345 Hz and 18359 Hz for the structures with 

four and eight PZT plates, respectively. The results are close 

to the resonant frequencies obtained from the impedance 

spectrum measurement. 

The electrical impedance spectra of the stators 

were measured with an electrical dynamic impedance ana-

lyzer (4294A. Agilent Inc.). The mechanical quality factor 

was calculated automatically by the software on the PC ac-

cording to Eq. 8. The results are listed in Table 2. From Ta-

ble 2, the stator with four PZT plates has a higher Q factor, 

which is favorable for the vibration amplitude and energy 

efficiency. The stator with four PZT plates will be more ef-

ficient than the stator with eight PZT plates. 

 

 

a 

 

b 

Fig. 7 The simulated 3rd-order bending modes in the sec-

tion plane of the stator with four PZT plates: a - mode 

A; b - mode B 

 

a 

 

b 

Fig. 8 The simulated 3rd-order bending modes in the sec-

tion plane of the stator with 8 PZT plates: a - mode A; 

b - mode B 
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3.2. Amplitude and energy consumption rate of the stators 

 

The stator vibration amplitude was measured with 

a laser vibrometer (Polytec OFV50X) at a free boundary 

condition without the rotor at different frequencies under 

0.1 V peak-peak excitation (Fig. 9). The radial displace-

ments of points on the side plate of the stator were measured 

around their resonant frequencies with electrodes connected 

as shown in Fig. 6. The measured points are the antinodes 

with the largest amplitude. Only one of the two groups 

shown in Fig. 6 was connected to excite a single mode. 

 

Fig. 9 The schematic diagram of measuring stator amplitude 

 

Fig. 10 Measured frequency response of the assembled sta-

tors 

Fig. 10 shows that the vibration amplitude of the 

stator with four PZT plates at resonance is significantly in-

creased. The results are consistent with the Q factor meas-

urement in Table 2. Keeping some areas without bonded 

PZT plates helps to enlarge the vibration amplitude.  

 

 

Fig. 11 The input power of the stators in the free condition 

The electrical input power of the free stator was 

tested with an oscilloscope by multiplying the current and 

voltage and averaging their product. The input power of 

each group of PZT plates of a motor was tested inde-

pendently, and the total input power was obtained by adding 

both groups.  

The results show that the stator with eight PZT 

plates consumes more electrical power (Fig. 11), indicating 

that it has a larger internal energy loss, and the stator with 

four PZT plates is more efficient when the same load is ap-

plied, which is in agreement with the Q factor measured in 

Section 3.1. 

 

3.3. Performance of the hollow, linear, nut-type, ultrasonic 

motors 

 

A dual channel signal generator was employed to 

drive the motor. A 10 V peak-peak, AC excitation with 90 

degree time phase difference was applied to the motor. The 

moving speed of the rotor was measured with a photoelec-

tric velocity detector and an encoding disk with 100 lines 

that was attached to the rotor (Fig. 12). When the rotor ro-

tates, the code disk triggers the photoelectric velocity detec-

tors to generate square waves. The frequency of the square 

wave is proportional to the rotation speed, and the speed can 

be read out from an oscilloscope. The thread pitch of the 

stator and rotor is 0.5 mm; thus, the linear moving speed can 

be calculated by multiplying the rotation speed by 

0.5 mm/round.  

 

Fig. 12 Setup for measuring the moving speed 

To characterize the load characteristics of the mo-

tor, the moving speed of the motor was measured with rotors 

of different weights because the rotor weight also acts as a 

pre-press for the friction between the rotor and stator. A 10 V 

peak-peak and AC driving voltages of 16.4 kHz and 

18.2 kHz were applied to the two motors according to the 

resonant frequencies obtained from the modal and imped-

ance spectrum analysis in Section 3.1. The results are shown 

in Fig. 13.  

The motor with four PZT plates moves faster when 

the rotor weight is below 20 g, whereas the motor with eight 

PZT plates moves faster when the rotor weighs more than 

20 g, which is 16.7 times the weight of the stator, covering 

most applications for such a stator of 12-mm outer diameter 

and 1.2 g weight. The stator with four PZT plates is more 

sensitive to pre-press, which can be comprehended in terms 

of the Q factor shown in Table 2. The Q factor of the stator 

with four PZT plates is higher, which plays a dominant role 

under lower load force. The stator with eight PZT plates has 

a larger volume of driving units, providing larger driving ca-

pacity. The driving capacity plays a dominant role under 

heavy load force. The motor with four PZT plates obtained 
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an upward speed of 0.95 mm/s when the load force was 3 g, 

and the maximum thrust force was 0.35 N. The weight of 

the stator was 1.2 g, and the maximum thrust force to weight 

ratio was 29.1:1. The downward and upward performances 

show a difference in their operating speed. Due to gravity, 

the downward operating speed is higher than the upward 

speed. 

 

 

Fig. 13 Performance of the hollow, linear, nut-type, ultra-

sonic motors 

4. Conclusion 

 

A hollow, nut-type, linear USM has been reported 

in this paper. The motor uses two 3rd-order bending modes 

in a section plane as working modes. Two stators with dif-

ferent numbers of PZT plates were studied. The working 

modes of the two stators were analyzed theoretically and 

were observed with finite element method software. Two 

prototype stators with four and eight PZT plates were fabri-

cated and tested with an impedance analyzer. The stator with 

four PZT plates is simpler than the stator with eight PZT 

plates and has a higher mechanical quality factor, vibrates at 

a larger amplitude and is more energy efficient. The motor 

showed better performance than the eight plate stator when 

working under loads of 20 g, which covers most application 

conditions for a stator with a 12-mm outer diameter. At 10 

V peak-peak excitation, the motor with four PZT plates ob-

tained an upward speed of 0.95 mm/s when the load force 

was 3 g, and the maximum thrust force was 0.35 N. The 

maximum thrust force to weight ratio was 29.1:1. 

The stator and rotor of the motor are both cylindri-

cal and hollow, making it appropriate for applications where 

a light path, electric wire or optic fiber needs to pass through 

the motor. Other working parts can be contained in the hol-

low space inside the rotor and stator. 
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Chen Zhuzi, Chen Yu, Zhou Tieying 

 
A HOLLOW CYLINDRICAL LINEAR NUT-TYPE UL-

TRASONIC MOTOR 

 
A hollow, linear, nut-type, ultrasonic motor based 

on two degenerate, 3rd-order bending modes in the section 

plane of cylinders is presented in this paper. The stator and 

rotor of the motor are both cylindrical and hollow, making 

the motor appropriate for applications where a light path, 

electric wire or optic fiber is required to pass through the 

motor. A new structure with four PZT plates bonded on the 

stator is proposed here. and the other had all eight sides 

bonded with PZT plates. The results show that the new de-

sign with four PZT plates has a higher mechanical quality 

factor, vibrates with larger amplitude, and has comparable 

performance to the stator with eight PZT plates. The motor 

with four PZT plates reached an upward speed of 0.95 mm/s 

when the load force was 3 g, and the maximum thrust force 

was 0.35 N. 

Two stators were fabricated and studied. 

 

Keywords: Hollow, linear, nut-type, ultrasonic motor; en-

ergy efficiency; mechanical quality factor. 
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