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ABSTRACT Machining of hard and brittle materials is usually troublesome due to their high stiffness.
In order to improve the processing speed of hard and brittle materials, ultrasonic assisted processing was
developed. This paper reports a novel ultrasonic drill method, where longitudinal-bending hybrid ultrasonic
vibration is used instead of single longitudinal or bending vibration. The cutting tool in this process is a
core drill attached to an ultrasonic transducer, which generates longitudinal and bending vibrations. Thus an
elliptical movement with ultrasonic frequency that is vertical to the working surface is formed at the cutting
edge. The longitudinal vibration can help the cutting edge impact the workpiece and thus crush it. With the
rotation of the cutting tool, the cutting edge scratches a groove on the working surface. While the bending
vibration speeds up the movement of the cutting edge toward the workpiece in the working surface so as
to amplify the fracture region. Moreover, a radial clearance assisting chip removal is made by the bending
vibration. Merits of this machining method, including improved processing speed and avoidance of jamming
are verified by experiment.

INDEX TERMS Ultrasonic drill, longitudinal vibration, bending vibration, hybrid mode.

I. INTRODUCTION
As the progress of material science, many high performance
materials such as engineering ceramics and carbon fiber rein-
forced plastic have been widely used [1]–[4]. Nevertheless,
their high stiffness and poor machinability bring in challenge
for the machining process, especially for drill [5]. Conven-
tional machining methods have problems of high cutting
force and torque and high tool wear when cutting these mate-
rials. In order to solve these problems, some nontraditional
methods have been developed to deal with hard and brittle
materials [6]–[11].

Rotary ultrasonic machining (RUM) is one of these non-
traditional machining methods. RUM is a hybrid machining
method which combines two kinds of cutting mechanisms,
namely, rotary cutting and ultrasonic machining. Tradition-
ally, the cutting tool of RUM is a core drill attached to an
ultrasonic transducer. Axial ultrasonic vibration is generated
by the transducer and then delivered to the cutting edge.When
machining, the cutting tool rotates and vibrates at a high fre-
quency (>20 kHz) along the axis direction at the same time.
With this vibration, cutting edges contact with the surface

of the workpiece intermittently. An enormous local stress is
produced so that the cutting edge impacts into the surface of
the workpiece and scratches a groove. Thus brittle fracture
and plastic flow occur on the surface of materials [12]–[15].
Chips of materials generate at the surface of the workpiece
in this process and then easily removed by the cutting tool.
As a result, the material removal rate increases dramatically.
Advantages of this process include low tool pressure, low
tool wear rate, higher machining rate and superior surface
finish [16].

Another ultrasonic machining method used for drill is
called rotary ultrasonic elliptic machining (RUEM), where
bending-bending hybrid ultrasonic vibration instead of lon-
gitudinal vibration was used [17], [18]. These two bending
vibrations have the same resonance frequency, thus an elliptic
locus of the cutting edge is generated on the cutting surface.
The locus of the cutting edge has the same direction with the
chip flow, thus the fractional force between the tool and chip
is reduced. Also this elliptic locus helps to cut the side surface
of the workpiece and makes a radial clearance between the
tool and workpiece which facilitates cutting chips’ removing.
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FIGURE 1. Illustration of LBUD process: (a) picture of workpiece (marble), (b) workpiece with cutting tool, (c) cutting edge,
(d) the placement of the PZT elements, (e) the cutting tool, (f) longitudinal and bending vibration curves.

Merits of RUEM contain lower cutting force, suppressing the
burrs and achieving high quality surface finish and longer tool
life [19], [20]. RUEMwas turned out to be feasible for carbon
fiber reinforced plastic.

In this paper, a novel ultrasonic machining method is pro-
posed. Different from previous RUM, longitudinal-bending
hybrid ultrasonic vibration instead of single longitudinal
vibration is added to a core drill in order to form an ellip-
tical movement at the cutting edge. This method is also
different from RUEM mentioned before since the elliptical
movement is vertical to the working surface. This elliptic
motion changes the cutting mechanism and thus promotes
cutting greatly. Cutting edges impact into the work surface
and scratch grooves as the same of RUM. Brittle fracture
happens in this process. When scratching, the cutting edge
gets a larger linear velocity from bending vibration. Thus,
the brittle fracture in RUM is amplified with this velocity.
Also, the radial clearance made by bending vibration in
RUEM exists in this cutting method. Advantages of RUM
and RUEM are combined in this machining method. With
these mechanisms, the drill of hard and brittle materials can

be speeded up. This kind of ultrasonic machining is called
longitudinal-bending hybrid ultrasonic drill (LBUD) in this
paper. Cutting mechanism was analyzed and experiments
were conducted to verify the effect of LBUD.

II. DESIGN OF THE CUTTING TOOL
As the same in RUM and RUEM, a core drill attached to
an ultrasonic transducer is used as the cutting tool in this
paper. As shown in Figure 1. Two groups of PZTs were set
within the transducer. There are two longitudinal PZTs with
reverse polarizations generating longitudinal vibration and
four bending PZTs with reverse polarizations each neigh-
boring ones generating bending vibration. Longitudinal and
bending vibrations with the same resonance frequency form
an elliptical motion trail at the end of the cutting tool eventu-
ally. At the same time, the cutting tool rotates with the drive of
a motor. A back cylinder with various diameters made of car-
bon steel is set at the end of the transducer to cut off vibration
and connect with the motor. A horn made of aluminum alloy
is set in the front of the transducer to decrease cross section
and thus amplify the vibration amplitude. Electrodes made
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of Beryllium bronze are set between PZTs to load voltage on
them.Materials used in the transducer and their properties are
shown in Table 1.

TABLE 1. Materials used in the cutting tool and their properties.

In order to obtain a certain movement at the end of the
cutting tool, the resonance frequencies of the longitudinal
and bending vibrations should be agreed. Thus, structural
parameters of the transducer should be adjusted accurately.
Finite element analysis was used during this process to cal-
culate the resonance frequencies. Structural parameters of
the transducer were adjusted to degenerate these two fre-
quencies subsequently. Firstly, a group of initial parameters
were applied to the transducer and the resonance frequen-
cies of longitudinal and bending vibrations were obtained
by using FEM (ANSYS software). Resonance frequencies of
the longitudinal and bending vibrations differed a lot at first.
Afterwards, a single parameter was changed and other ones
kept constant, modal analysis was conducted repeatedly and
the results were drawn into a curve to reveal the effect of that
parameter on the resonance frequencies. This procedure was
called sensitivity analysis and was conducted for all parame-
ters adjustable. Structural parameters adjusted during design
include the length of the horn (L), the diameter of the horn
section (d), the diameter of PZTs (D) and the thickness of the
back cylinder (H). Curves of sensitivity analyses are shown
in Figure 2. Parameters were adjusted based on the sensitivity
analysis to degenerate the resonance frequencies. Moreover,
when adjusting these parameters, the positions of PZTs and
the tail end of the cutting tool should be noticed. In order to
get the maximum vibration amplitude at the end of the cutting
tool, the longitudinal PZTs should be placed at the wave node
of the longitudinal vibration, while the bending PZTs should
be placed at the wave loop of the bending vibration and the
tail end of the cutting tool should be placed at the wave loop
of both vibrations.

After repeated modal analyses and adjustment, struc-
tural parameters were finally determined. The resonance fre-
quencies were 22.499 kHz for longitudinal vibration and
22.494 kHz for bending vibration. These two frequencies
are close enough so that a uniform frequency could be
used to excite both longitudinal and bending vibrations.
Figure 3 shows the vibration modes and resonance frequen-
cies of longitudinal and bending vibrations. Besides the res-
onance frequencies, vibration modes and positions of PZTs

and tail end are also satisfying as shown in Figure 3. Vibration
displacements were obtained by FEM transient analysis and
the results were shown in Figure 4. During the calculation,
sine and cosine signals with voltage of 400V and frequency
of 22.496 kHz were applied. The maximum displacements
after stabilizing at the end of the cutting tool were 5.46 µm
in axial direction and 2.30 µm in radial direction. Also the
motion trail of a point at the edge of the drill’s end was
calculated in this process, as shown in Figure 5. In Figure 5,
UY indicate the displacement along OY direction, whereas
UZ is the displacement along OZ direction. The maximum
displacements change with the amplitude of the exacting
voltage applied to the PZT elements and the direction of the
motion trail can be adjusted by changing the phase difference
of the exciting voltages. Longitudinal and bending vibrations
can be excited separately in this cutting tool. When the longi-
tudinal vibration is excited solely, the cutting tool is the same
as that of RUM. Thus both RUMand LBUD can be conducted
by using the same experimental facilities.

III. DISCUSSION OF THE CUTTING MECHANISM
Longitudinal-bending hybrid mode ultrasonic drill combines
the advantages of RUM and RUEM. In this section, the cut-
ting mechanism of LBUD is analyzed. Figure 6 shows the
cutting mechanism of LBUD briefly. There are two typical
kinds of particle at the end of the cutting tool: particle A
where the bending vibration share the same direction with the
linear velocity of rotation and particle B where the vibration
speed of bending vibration is perpendicular to the rotating
speed. Cutting mechanism at particle A is an enhancement
of that of RUM while the cutting mechanism at particle B is
similar to that of RUEM mentioned before.

As for particle A, the bending vibration increases the lin-
ear speed of the cutting edge in the horizontal plane and
thus enhances the brittle fracture. Studies concentrated on
RUM were conducted for years and indicated that the cut-
ting mechanism is mainly brittle fracture. With longitudinal
vibration in RUM, the cutting edges move up and down with
the longitudinal vibration and contact with the workpiece
intermittently. A great stress would be generated when cut-
ting edges contact with the working surface with the action
of longitudinal vibration. When moving down, the cutting
edge impacts the workpiece, at the same time it rotates and
scratches a groove on the working surface. For hard and
brittle materials, brittle fracture occurs in this process and
cutting chips generate.With bending vibration, LBUD speeds
up this process. At particle A, the bending vibration has the
same direction with the rotating speed, these two speeds add
and form a higher linear velocity. Thus a shaper locus is
acquired in LBUD compared with that of RUM. Figure 6(b)
shows the locus of LBUD and RUM in YOZ plane. When
the cutting tool moves down with the longitudinal vibration,
it moves forward with the synthetic velocity which is much
larger than the linear velocity of rotation. As the transient
analysis mentioned before, the maximum displacement of the
bending vibration was 2.3 µm corresponding to a maximum
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FIGURE 2. Sensitive analyses of the cutting tool: (a) structural parameters, (b) the length of the horn, (c) the diameter of PZTs,
(d) the diameter of the horn section, (e) the thickness of the back cylinder.

linear velocity of 0.32 m/s. While the linear speed of rotation
used in this paper is about 0.48 m/s. Thus a synthetic speed
of 0.8 m/s was obtained at cutting edges. When cutting edges
impact the cutting surface of the workpiece, the larger relative
velocity speeds up the scratching and thus speeds up the
brittle fracture and amplifies the brittle fracture region. As a
result, the cutting get easier in LBUD compared with RUM.

As for particle B, with the action of the bending vibration,
the cutting tool contact with and cut the side surface of
the hole intermittently, as shown in Figure 6(e). This action
makes a clearance between the cutting tool and the hole [14].
Thus the friction between the cutting tool and the side surface
of the workpiece would decrease.Moreover, the big clearance
makes it easier to remove the cutting chips so that chip

jamming is avoided. Thus, the cutting would get easier and
the cutting speed increases. Advantages including reduced
tool wear, enhanced surface quality of holes and prevention
of delamination at the hole exit surface may be provided by
the bending vibration.

Compared with RUM, bending vibration is added in
LBUD. Thus, a higher horizontal velocity is obtained. This
horizontal velocity helps to amplify the brittle fracture and
thus speed up cutting. Meanwhile, similar with RUEM,
the bending vibration makes a radial clearance between the
cutting tool and the workpiece decreasing cutting force and
promoting chip removal. These mechanisms increase the pro-
cessing speed and cut down the cutting force of hard brittle
materials.
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FIGURE 3. Vibration modes and resonance frequencies of the cutting
tool: (a) longitudinal vibration mode, (b) bending vibration mode.

IV. EXPERIMENT AND RESULT
In order to verify the effect of LBUD, experiments were car-
ried out. Marble which is a representative of hard and brittle
materials was chosen as the workpiece in this experiment.
Contrast experiments among traditional core drill, RUM and
LBUD were conducted.

In addition to the cutting tool, an experiment set-up which
provides rotational movement and feed movement for the
cutting tool was designed and manufactured. As shown
in Figure 7, the experiment set-up mainly consists of a motor,
a guide rail, a group of holders and a mass block. The cutting
tool was connected to amotor via a group of couplers. In order
to reduce the constraint of the coupler to the cutting tool
which changes the resonance frequencies and hinders the
vibration, elastic couplings are used here. An electrical slip
ring was used between the motor and the cutting tool to avoid
the coil of wire when rotating. A group of holders is used
to keep the cutting tool being coaxial with the motor. The
motor is fixed in the holder and the cutting tool is restrained
by a bearing in the holder. The holder is placed on the guide
rails along the feed direction. The motor and the cutting
tool along with the holder can move freely on the guide
rails. A mass block pulls the holder through a rope whose
direction is changed by a pulley so as to provide constant

FIGURE 4. Output displacement at the tail end of the cutting tool in the
time domain: (a) displacement in axial direction, (b) displacement in
radial direction.

FIGURE 5. Elliptical locus of the end of the cutting tool.

cutting force for the cutting tool. By changing the mass of
the block, the cutting force could be adjusted. The workpiece
was clamped by a clamp placed at the edge of the experiment
table.

The core drill used in this experiment has 6 cutting edges
made of hard alloy. The inner diameter of the core drill is
15mm and the outer diameter is 23 mm. The core drill was
attached to the ultrasonic transducer by thread to form a
cutting tool and then glued to avoid loosening.
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FIGURE 6. Cutting mechanism of LBUD: (a) the section of the cutting tool, (b) motion trail of particle A in the YOZ plane
within a single cycle of vibration, (c) the cutting edge contact with the workpiece, (d) motion trail of particle B in XOY plane
within a single cycle of vibration, (e) the cutting tool contact with the side surface of the workpiece.

Performance of the cutting tool was tested by using
laser scanning vibrometer (PSV-400-M2, Polytec, Germany),
and the frequency response of the cutting tool was shown
in Figure 8. It should be noted that these frequency respond

curves were measured under free boundary conditions of
the cutting edges. In the cutting process, cutting edges
contact with the workpiece, which may change the fre-
quency response characteristics. It can be recognized that the
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FIGURE 7. The experiment set-up of LBUD. (a) The schematic diagram, (b)
the photo.

FIGURE 8. Frequency respond curve of the cutting tool, (a) the
longitudinal vibration, (b) the bending vibration.

resonance frequencies of the longitudinal and bending vibra-
tions are 21.289 kHz and 20.836 kHz, respectively.

Also, the processing speed versus exciting frequency was
tested as shown in Figure 9. These data were measured
under the following conditions: the amplitudes of the exciting

FIGURE 9. Plot of the processing speed versus exciting frequency.

voltages were 300V, the phase shift of the two voltages was
90 degree, the rotation speed of the drill was 300 rpm and
the external force was 100N. It was found that the prototype
got themaximum processing speed of 1.87mm/min under the
frequency of 21.3 kHz, which had a little deviation comparing
with the resonance frequencies shown in Figure 8.

FIGURE 10. Plot of the processing speed versus the exciting voltage.

Then, the frequency was set as 21.3 kHz in the fol-
lowing experiments. The impact of the exciting voltage
on the processing speed were measured under phase shift
of 90 degree, rotation speed of 300 rpm and external force
of 100N, as shown in Figure 10. It shows that the processing
speed increases almost linearly with the exciting voltage.
Figure 11 shows the relationship between the phase shift of
the exciting voltages and the processing speed (the exciting
voltage was 200 V, the rotation speed was 300 rpm and
the external force was 100N.), which states that impact is
very weak.

To compare the cutting speed of traditional core drill,
RUM and LBUD, three holes were drilled using eachmethod.
The exciting frequency was 21.3 kHz, which was the best
frequency due to Figure 8. The exciting voltage was 300 V,
the rotation was 300 rpm and the cutting force was fixed
at 100 N. The cutting depth was recorded every minute and
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FIGURE 11. Plot of the processing speed versus the phase shift.

FIGURE 12. The cutting speeds of different methods

each experiment lasted for 15 minutes. Finally, data obtained
were drawn to a curve as shown in Figure 12. The result
indicates that the processing speeds of the conventional drill,
RUM and LBUD increase in turn. In this experiment, cutting
processes of the three cutting methods are almost linear.
Processing speeds of the three methods are approximately
0.8 mm/min, 1.4 mm/min and 1.87 mm/min respectively. The
processing speed of LBUD is 2.34 times of conventional drill
and 1.34. times of RUM. Moreover, jamming which usually
occurs in conventional and sometimes happens in RUM has
never been observed in LBUD, which implies that bending
vibration contribute to the avoidance of jamming. Although
it is not showed in this experiment that how the bending
vibration promote the cutting, it is clear that LBUD is a more
effective method to cut hard and brittle materials.

V. CONCLUSION
A novel cutting method to the drill of hard and brittle mate-
rials was proposed in this paper. Instead of single longi-
tudinal vibration which is usually used in ultrasonic drill,
longitudinal-bending hybrid mode vibration was used in this
work. Thus an elliptical locus was formed at the end of the
cutting tool to improve the cutting mechanism. LBUD was
expected to increase the cutting speed of the drill of hard
brittle materials. Cutting mechanism of LBUDwas analyzed.

A cutting tool and an experiment set-up for LBUD were
designed and manufactured. Experiments were conducted
to verify the effect of longitudinal bending hybrid ultra-
sonic drill. Also some characteristics of LBUD were studied
through experiment. Results showed that the LBUD increased
the cutting speed of hard brittle materials observably by
comparing with RUM using single longitudinal vibration.

The following conclusions are drawn from this study:
(a) Bending vibration in LBUD increases the linear veloc-

ity of the cutting edge and thus amplifies the brittle fracture
on the cutting surface.

(b) The cutting tool cuts the side surface of the workpiece
and makes a radial clearance between the cutting tool and the
workpiece under the bending vibration.

(c) LBUD is a feasible method for the drilling of hard and
brittle materials which speeds up the cutting.

(d) The processing speed of LBUD increases with the
increase of the exciting voltage.

(e) The processing speed of LBUD changes with the excit-
ing frequency and reaches a peak near the mechanical reso-
nance frequency of the drill.

REFERENCES
[1] D. W. Freitag and D. W. Richerson, ‘‘Ceramic matrix composites in

opportunities for advanced ceramics to meet the needs of the industries of
the future,’’ Adv. Ceramic Assoc., Oak Ridge Nat. Lab., Oak Ridge, TN,
USA, Tech. Rep. 2076, 1998.

[2] L. Tong, A. P. Mouritz, and M. K. Bannister, 3D Fibre Reinforced Polymer
Composites. New York, NY, USA: Elsevier, 2002.

[3] D. L. D. Chung, Composite Materials: Science and Applications. London,
U.K.: Springer, 2010.

[4] D. W. Richerson, ‘‘Ceramic matrix composites,’’ in Composite Engineer-
ing Handbook. New York, NY, USA: Marcel Dekker Inc., 1997, ch. 19.

[5] Z. J. Pei, P. M. Ferreira, S. G. Kapoor, and M. Haselkorn, ‘‘Rotary ultra-
sonic machining for face milling of ceramics,’’ Int. J. Mach. Tools Manuf.,
vol. 35, no. 7, pp. 1033–1046, 1995.

[6] W. L. Cong, Z. J. Pei, T. W. Deines, D. F. Liu, and C. Treadwell,
‘‘Rotary ultrasonic machining of CFRP/Ti stacks using variable feedrate,’’
Compos. B, Eng., vol. 52, pp. 303–310, Sep. 2013.

[7] M. Badescu et al., ‘‘Rotary hammer ultrasonic/sonic drill system,’’ in Proc.
IEEE Int. Conf. Robot. Autom., vol. 1. May 2008, pp. 602–607.

[8] Z. J. Pei and P. M. Ferreira, ‘‘Modeling of ductile-mode material removal
in rotary ultrasonic machining,’’ Int. J. Mach. Tools Manuf., vol. 38,
nos. 10–11, pp. 1399–1418, 1998.

[9] J. Q. Wu, W. L. Cong, R. E. Williams, and Z. J. Pei, ‘‘Dynamic process
modeling for rotary ultrasonic machining of alumina,’’ J. Manuf. Sci. Eng.,
vol. 133, no. 4, p. 041012, Aug. 2011.

[10] W. L. Cong, Z. J. Pei, X. Sun, and C. L. Zhang, ‘‘Rotary ultrasonic
machining of CFRP: A mechanistic predictive model for cutting force,’’
Ultrasonics, vol. 54, no. 2, pp. 663–675, Feb. 2014.

[11] G. Ya, H. W. Qin, S. C. Yang, and Y. W. Xu, ‘‘Analysis of the rotary
ultrasonic machining mechanism,’’ J. Mater. Process. Technol., vol. 129,
nos. 1–3, pp. 182–185, Oct. 2002.

[12] Z. J. Pei, D. Prabhakar, P. M. Ferreira, and M. Haselkorn, ‘‘A mechanistic
approach to the prediction of material removal rates in rotary ultrasonic
machining,’’ J. Eng. Ind., vol. 117, no. 2, pp. 142–151, May 1995.

[13] Z. Y. Wang and K. P. Rajurkar, ‘‘Cryogenic machining of hard-to-cut
materials,’’ Wear, vol. 239, no. 2, pp. 168–175, Apr. 2000.

[14] Z. Y. Wang, K. P. Rajurkar, J. Fan, S. Lei, Y. C. Shin, and G. Petrescu,
‘‘Hybrid machining of Inconel 718,’’ Int. J. Mach. Tools Manuf., vol. 43,
no. 13, pp. 1391–1396, Oct. 2003.

[15] W. L. Cong, Z. J. Pei, T. W. Deines, P. F. Zhang, and C. Treadwell,
‘‘Surface roughness in rotary ultrasonic machining: Hypotheses and their
testing via experiments and simulations,’’ Int. J. Manuf. Res., vol. 8, no. 4,
pp. 378–393, 2013.

VOLUME 5, 2017 7369



X. Tang et al.: Development of a Novel Ultrasonic Drill Using Longitudinal-Bending Hybrid Mode

[16] T. Moriwaki, E. Shamoto, Y. C. Song, and S. Kohda, ‘‘Development of a
elliptical vibration milling machine,’’ CIRP Ann. Manuf. Technol., vol. 53,
no. 1, pp. 341–344, 2004.

[17] J. Liu, D. Y. Zhang, L. G. Qin, and L. S. Yan, ‘‘Feasibility study of
the rotary ultrasonic elliptical machining of carbon fiber reinforced plas-
tics (CFRP),’’ Int. J. Mach., Tools Manuf., vol. 53, no. 1, pp. 141–150,
Feb. 2012.

[18] D. X. Geng, D. Y. Zhang, Y. G. Xu, F. T. He, and F. Q. Liu, ‘‘Comparison of
drill wear mechanism between rotary ultrasonic elliptical machining and
conventional drilling of CFRP,’’ J. Reinf. Plastics Compos., vol. 33, no. 9,
pp. 797–809, 2014.

[19] C. X. Ma, E. Shamoto, and T. Moriwaki, ‘‘Study on the thrust cutting force
in ultrasonic elliptical vibration cutting,’’ Adv. Mater. Manuf. Sci. Technol.,
vol. 471, pp. 396–400, Dec. 2004.

[20] C. Ma, E. Shamoto, T. Moriwaki, Y. H. Zhang, and L. J. Wang, ‘‘Sup-
pression of burrs in turning with ultrasonic elliptical vibration cutting,’’
Int. J. Mach. Tools Manuf., vol. 45, no. 11, pp. 1295–1300, Sep. 2005.

XINTIAN TANG was born in Heilongjiang, China,
in 1995. He received the B.S. degree from the
School ofMechatronics Engineering, Harbin Insti-
tute of Technology, China, in 2016, where he is
currently pursuing the Ph.D. degree. His research
interests include piezoelectric actuator and artifi-
cial muscles.

YINGXIANG LIU (M’12–SM’16) was born in
Hebei, China, in 1982. He received the B.S., M.S.,
and Ph.D. degrees from the School of Mecha-
tronics Engineering, Harbin Institute of Technol-
ogy, China, in 2005, 2007, and 2011, respectively.
He was a Visiting Scholar with Prof. L. Lin’s Lab,
Mechanical Engineering Department, University
of California at Berkeley, Berkeley, from 2013 to
2014. He joined the School of Mechatronics Engi-
neering, Harbin Institute of Technology, in 2011,

where he has been a Professor since December 2013. He is currently a
Professor of the School of Mechatronics Engineering, Harbin Institute of
Technology. He is also a member of the State Key Laboratory of Robotics
and System, Harbin Institute of Technology. His research interests include
piezoelectric actuating, ultrasonic motor, piezoelectric actuator; precision
actuating, piezoelectric micro jet, bionic robot, fish robot, and soft robot.

SHENGJUN SHI was born in Heilongjiang,
China, in 1974. He received the B.S. degree
in aircraft manufacturing engineering from
Northwestern Polytechnical University in 1997
and the M.S. and Ph.D. degrees from the School
of Mechatronics Engineering, Harbin Institute of
Technology, China, in 2003 and 2007, respec-
tively. He is currently an Associate Professor with
the Harbin Institute of Technology, China. His
research interests include ultrasonic motor and

ultrasonic application.

WEISHAN CHEN was born in Hebei, China,
in 1965. He received the B.S. and M.S. degrees
in precision instrumentation engineering and the
Ph.D. degree inmechatronics engineering from the
Harbin Institute of Technology, China, in 1986,
1989, and 1997, respectively. Since 1999, he has
been a Professor of the School of Mechatronics
Engineering, Harbin Institute of Technology. His
research interests include ultrasonic driving and
controlling, smart materials and structures, and

bio-robotics.

XINDA QI was born in Shanxi, China, in 1994.
He received the B.S. degree from the School
of Mechatronics Engineering, Harbin Institute of
Technology, China, in 2016, where he is currently
pursuing the M.S. degree. His research interests
include piezoelectric actuator and robotics.

7370 VOLUME 5, 2017


