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This article presents the development of ultrasonic transducer with flexure hinge design for ultrasonic spindle milling (USM)
system. The ultrasonic transducer has been designed based on the first mode of longitudinal vibration mode. The ultrasonic
transducer has been designed to work at ultrasonic frequency about 30 kHz without considered the tool. However, it was
Jound that the working frequency is between 25 and 27 kHz according to impedance measurement when the tool was
installed. The flexure hinge (symmetrical circular shape) on the flange has been utilized to increase the vibration amplitude
although the stiffness is downgraded. According to the transient structural analysis, it is confirmed that the thickness and
radius of the flexure hinge influenced the displacement output of the Ultrasonic transducer. The simulation results confirm
that the displacement output can be produced up to 6.5 yum under given dynamic force 5,120 N with flexure hinge radius of
2.5 mm and thickness of 2.4 mm. The experimental measurement of amplitude has been also carried out to validate the
simulation which is confirmed that the amplitude can be produced about more than 20 um. Next, the performance of
ultrasonic spindle is tested by side-milling. The experimental results showed that the performance of ultrasonic spindle

milling can improve the machinability in the side-milling of Al 6061 material.

1. Introduction

Ultrasonic vibration-assisted milling (UVAM) is converting the
high-frequency electrical energy onto the mechanical energy to
vibrates the milling tool to obtain intermittent milling process'. The
intermittent contact between the milling flute and the workpiece
decreases the average cutting force as reported by Pang et al® during
milling Titanium alloy. The UVAM also gives others benefits such as
decreasing cutting temperature’, extending the tool life*, and
improving roughness on the side wall'.

The UVAM achieves better
conventional milling (CM) according to following literature review.

machinability compared to

Shen et al.' examined the UVAM at aluminum alloy with considering
the feed-direction of vibration effect in slot-milling. The vibration
amplitude of 0, 4, 6, 8 um was utilized by them. Their result reveals
that the average cutting force in UVAM along feed and normal
direction is lower than that in the CM. Janghorbanian et al.* studied
the effect of cutting speed on the tool life in the UVAM. They found
that the tool life in the UVAM is longer than that in the CM at
rotational speed of 3,150 rpm due to less amount of plastic
deformation and less impact contact.

Liu et al.’ examined the tool wear in UVAM during milling of
C/SiC  composites. According to their observation, when the

ultrasonic vibration amplitude increases from 0 to 10 pm, the tool
wear minimum has been found at amplitude of 6 um. And amplitude
of 6 um is optimum value in their study. It has been found that the
excessive vibration amplitude such as 10 um will damage the stability
of the cutting process and increases the surface roughness. Pang et al.”
analyzed the UVAM by the effect of the longitudinal-torsional
vibration during milling Titanium alloy. An excellent surface integrity
and regularity has been achieved when the longitudinal-torsional was
utilized.

The UVAM performance depends on the characteristic of the
ultrasonic transducer as the key. The ultrasonic transducer usually
operates in above 20 kHz and with low vibrational amplitude in range
10 pum®. In previous development, Amin et al.” suggested the horn
profile is conical at the top and the cylindrical at the bottom based on
modeling (FEM). Their
combination horn between cylindrical and conical shape can produce

optimization using finite element
magnification factor about 8, which is higher than exponential and
conical shape alone. Zou et al.® designed the vibration horn which is
adopted a stepped horn of the half-wavelength. The natural frequency
of 20 kHz is the main frequency in their mechanism.

The bolt clamped Langevin type transducer (BLT) design is
adopted in this study. The BLT design has been explored in the past
20 years. The BLT generally consists of the horn (emitter), the back
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mass (reflector), and piezoelectric ceramic actuator (PZT). Recently, Table 1 Final dimension of the ultrasonic transducer [unit: mm]
the application of the BLT has been growing in precision metal L, L L, Ls Dy D, D, D;
cutting. Beihang University’ developed a transducer driven by a 2125 | 185 47 16 35 40 25 15

single actuator for precision cutting. Their transducer works in
frequency range of 22.5 kHz and amplitude of 2 — 16 pum. The Table 2 Material properties of the ultrasonic transducer (ANSYS)

Yeungnam University'® developed a transducer for precision texturing Part Materials Modulus Density Poisson
of micro-groove. The frequency is about 24 kHz, although the Step horn Titanium 96,000 MPa | 4,620 kg/m’ 0.36
amplitude is small about 0.3 — 0.8 um. Back mass Steel 200,000 MPa | 7,850 kg/m’ 0.3
The development of the ultrasonic transducer for UVAM has been Bolt Steel 200,000 MPa | 7,850 kg/m’ 0.3
extensively explored. Moreover, the commercial version has been Piezo® PZT-S44 80,000 MPa | 7,700 kg/m’ 0.32

available such as DMG MORI. Corp. and Altrasonic. Corp. It seems
that the development has been done for ultrasonic transducer in the
UVAM, but the improvement regarding working frequency range and
higher amplitude is still interested to be explored more. Recently, the
2D vibrations are also added such as torsional and bending mode into
the ultrasonic transducer''. Moreover, the torsional and bending mode
is required to improve the feasibility of the UVAM % Fixed

Surface
The authors are motivated to explore more the UVAM. Therefore,

Meshing

the ultrasonic transducer has been developed to realize the authors
objective. Even though the commercial transducer is already available,
but the improvement is still necessary to do. In this paper, the
development of ultrasonic transducer design in UVAM is presented
regarding to the simulation and experimental analysis. The analysis of
the stiffness flexure has been also examined. The variation of the

overhanging tool and material is the main factors which are
investigated in this study. Furthermore, the feasibility of the UVAM Mode Shape: Longitudinal LL

using the developed ultrasonic transducer has been also carried out. Fig. 2 Boundary condition, meshing, and longitudinal mode shape

Total Length vs Frequency

2. Design of the Ultrasonic Transducer o 30000
L 29500
2.1 Construction g zzgg
The construction of the ultrasonic transducer is shown in Fig. 1. It & 28000 y = -168.58x + 47193
consists of step horn with flange, piezoelectric actuators (PZT), & 27500 R?30.9954
conical back mass, and preload-bolt. The design of flexure hinge is 100 105 110 115
adopted in the flange. The longitudinal vibration should be transferred Total Length [mm)

smoothly through the flexure hinge. The fixed-point plane is contact Fig. 3 Relationship between total length and frequency
to another body as considered zero motion. The flexure hinge of

circular symmetrical has been adopted. The titanium material has Table 1 shows the final dimension after modal analysis. The final
been selected for the step horn and the back mass. dimension has been found after the modal analysis in ANSYS has
been performed by adjusted the total length. The modal analysis is
Haxure 2 @ presented in next sub-chapter 2.2.
Hinge it .
7 . - 2.2 Modal Analysis
9, The modal analysis has been performed to find the desired
Dl 1Dy =T frequency of the ultrasonic transducer about 30 kHz. Fundamentally,
ST : the modal analysis can find the vibration modes, especially the
N L L longitudinal mode shape along x-axis in Fig. 1. The vibration
23 characteristic depends on the material properties, the structure shape,
- \ and the boundary conditions (free of fixed vibration). The material
i [ene> properties used in this study is provided in Table 2. The step horn
L, A L, Lo , Ly flange material is Titanium alloy, the piezoelectric type is PZT-SS44

which has been provided by SunnyTec (SuZhou) Company.

Fixed Poiﬁt

. . Fig. 2 shows the result of the longitudinal mode shape where the
Fig. 1 Structure parameter of ultrasonic transducer
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natural frequency has been shown about 30,041 Hz of the final
dimension of the ultrasonic transducer. In this case, the fixed surface
on the flange was used as boundary condition and the meshing of fine
with element more than 3,000 has been used. Fig. 3 shows the linear
relationship between the natural frequency and the total length. In this
case, the total length is about 100.75 mm, and the frequency is
approximately 30,041 Hz.

2.3 Flexure Hinge Stiffness Analysis

In this study, the dimension of the flexure design must be
considered because it has relationship with the stiffness. The analysis
adopted Lobontiu'?> which has explained in his textbook. Fig. 4
illustrates the symmetrical flexure hinge with the force and moment
acts on it. Fundamentally the stiffness, force/moment, and
linear/angular displacement relationship in flexure hinge can be

described as follows:

Fix Kix—F, 0 0 Uix
Fyt=| 0 Kiy-r, Kiy-m, {uly} M
M, 0 Kiy-m, Kig,-m, 612

The value of K;,, K;, and K;4 can be determined based on
relationship of compliance where the detail relationship can be found
in Lobontiu’s textbook'%. In this study, the radius dimension has been
fixed at 2.5 mm, in which the thickness can be varied. Fig. 5 shows
the stiffness value with variation of the thickness dimension {t} of the
flexure hinge. As we can see when the thickness increases, the
stiffness increases exponentially. Absolutely, the stiffness value
depends on the radius and thickness dimension. In this case, the
thickness about 3 mm has been chosen because of high stiffness value
according to pattern in Fig. 5.

2.4 Amplitude simulation

In this study. The amplitude simulation has been carried out in
ANSYS to determine the amplitude under cyclic load. Fig. 6 shows
the vibration amplitude about 6.5 pm for input loading of dynamic
force of 5120 N. The input force is calculated according to the
relationship of the dynamic force for PZT as given in Eq. 2. Two
different frequencies were used considering the range of the working
frequency of the transducer. The input frequency of 30 kHz yields
Fy max of 5120 N and the input frequency of 21 kHz yields F, jqx
of 2508 N.

Fv,max=ms'2'n2'f2'N'd33'Vp—p 2
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Flexure Hinge
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Fig. 4 Flexure hinge analysis diagram
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Fig. 5 Stiffness versus flexure hinge thickness
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Fig. 6 Structural transient analysis under R =2.5 mm and t = 2.4 mm

THICKNESS

Fig. 7 Simulated amplitude with thickness variation

Fig. 7 shows the variation of the amplitude when the dimension
of the flexure hinge is also varied. It shows that the thickness of 1 mm
gives high amplitude however considering the low stiffness. It is not
suitable for metal cutting. High stiffness is great for metal cutting.
Therefore, thickness of 3 mm has been selected. The amplitude in
range from 2.7 to 5.6 um on the horn tip is large enough for UVAM.

3. Experimental Results

3.1 Amplitude and FRF Measurement

Fig. 8 shows the experimental results during examining amplitude
and frequency peak during amplitude measurement. The optical fiber
has been utilized for measuring during direct excitation of 300V
peak-to-peak. The amplitude varied when the overhanging of HSS
(High Speed Steel) rod bar increases from 40 to 45 mm and then
decreases from 45 to 50 mm. The maximum amplitude recorded is
shown about more than 32 um. The excitation frequency decreases as
the overhanging distance increases (Fig. 8). Fig. 9 shows the FRF of
impedance when the overhanging distance of 40 mm.

3.2 UVAM Result
Fig. 10 shows the experimental results of cutting forces with variation
of the feed rate. The effect of vibration in UVAM. The UVAM can
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decrease the side-milling forces during cutting Aluminum alloy. Fig.
11 shows that the roughness in the UVAM is lower than in the
conventional milling under similar feed rate.

4. Conclusion

The ultrasonic transducer with flexure hinge design for
ultrasonic spindle milling has been introduced in this paper. As the

results, it produces high amplitude more than 30 um under 26.3 kHz.

Furthermore, the UVAM produces better machinability compared
to the conventional side-milling method in term of lower cutting
force and roughness.

ACKNOWLEDGEMENT

We would like to acknowledge the financial support from the
Basic Science Program through the National Research Foundation of
Korea (NRF) and funded by the Ministry of Education (NRF
2020R1A4A1019227). Also, this research was supported by Korea
Electrotechnology Research Institute (KERI) primary research
program through the National Research Council of Science &
Technology (NST) funded by the Ministry of Science and ICT (MSIT)
in 2021 (No. 21A01026).

Amplitude [1] Frequency

Fig. 8 Amplitude and frequency with variation of rod bar distance
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Fig. 10 Average cutting force with variation of feed rate
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Fig. 11 Surface roughness proﬁie without and with vibration at feed
rate = 70 mm/min
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