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Abstract: This paper presents a compact method to predict the amplitude displacement and
evaluate the influence of flexure structure on the vibration-assisted micro-milling device.The voltage
load and flexure dimension variation are applied to the Finite Element model to obtain the predicted
amplitude displacement. The simulation results show that amplitude displacement increases linearly
along with the voltage load, but the influence of flexure thickness shows a varying trend on the
amplitude displacement. The method can predict the device's amplitude displacement and movement
pattern and is suitable for determining the optimum design for the vibration-assisted micro-milling

device.

Keywords: amplitude displacement; Finite Element; flexure; piezoelectric actuator; vibration-

assisted micro-milling

1. Introduction

The micro-milling process development leads to
vibration-assisted micro-milling. The vibration-assisted
micro-milling has been proven through simulation and
experiment studies in the past decade that it improved the
machined surface quality on a wide range of material
properties . The tool path trajectory is the primary
performance of vibration-assisted micro-milling. During
its application, the tool path, which is a linear path,
becomes zig-zag or elliptical during the machining
process.”™. It will cause interrupting cutting that ignites
an additional cooling period. The piezoelectric actuator is
the main component of the device, which is operated by
setting up the amplitude displacement and frequency!'®'3.
Flexure or beam structure works with the actuator to
achieve the designated displacement ',

During machining, the amplitude displacement output
from the piezoelectric actuator ranges between 0-10
micrometres and works based on the actuator material
properties®*?.  Several studies show amplitude
displacement can be measured using displacement
sensor’®?” or predicted using Finite Element Analysis
(FEA)?3D, The measurement method is more accurate
than the prediction ones, but this method requires high
investment in the micro displacement sensor and the
ultrasonic-assisted micro-milling device prototype. The
FEA method can predict the character and behaviour of
the vibration-assisted micro-milling device at the early
stage of design procedures. However, the FEA method,

which considers the electromechanical constitutive model
for the piezoelectric actuator material and the flexure
characteristic, is limited to only a specific actuator.

The technology development for the micro-milling
process and the actuator requires a compact method to
achieve an optimum design of vibration-assisted micro-
milling. Linear dynamic simulation is a solution to form a
method because the amplitude displacement from the
actuator is transmitted to flexure in the induction force??.
Therefore, the amplitude displacement can be predicted
with a compact method to achieve optimum design and
suppress the experimental cost. Also, at the same time, the
method can investigate the influence of the energy source
to trigger the piezoelectric actuator and its component.

2. Methodology

Force calculation and linear dynamic simulation are the
applied methodology for this study. The force calculation
uses an analytical study by converting the voltage load
from a single piezoelectric actuator into the induction
forces’®. The natural frequency of the piezoelectric
actuator is simulated with modal analysis, as shown in
Fig.1, based on its material properties, PZT4. The linear
dynamic simulation uses the force calculation result as a
part of the sinusoidal load function with the input
parameter, as stated in Table 1. The induction force is
applied in two directions to the head block components:
on the feed and perpendicular to the feed direction.
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The head block components use a flexure shape to transfer
the induction force to the other components. Each end of
the head block is set in the opposite direction of the phase.
The phase difference is set to obtain the elliptical
movement of the head block.

7

Fig. 1: Modal analysis of piezoelectric actuator at 167.25
kHz.

A CAD model is generated from Kiswanto et al.’¥
vibration-assisted micro-milling for the simulation. Fig. 2
shows that the device employs two head blocks and

Fig. 2: CAD model vibration-assisted micro-milling device

flexure hinges. Also, each head block uses four
piezoelectric actuators in a series arrangement. The input
parameter is shown in Table 1 for the induction force
calculation and linear dynamic simulation. The simulation
in this paper is divided into two groups: voltage and
flexure dimension variation base. All of the simulations

are conducted with the aid of SOLIDWORKS.

Table 1. Input for voltage load and flexure dimension

simulation.
Parameter Value
Voltage 100;150;150 Volt
Piezoelectric actuator 3 mm
thickness

Strain constant

225x107'2 m/Volt

Permittivity constant

8.85 x 10"'2 Farad/m®¥

Dielectric  constant at -

34)
150 °C-250 °C 1000
The operational frequency 24 kHZ®
Phase 90°

tesl AISI10-45
AI5110-15

33).

Fig. 3: Flexure dimension variation
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The simulation-based on the voltage variation aims to
investigate the voltage influence toward amplitude
displacement of the vibration-assisted micro-milling
device. The voltage load is variated into three loads in
sequence 100, 150, and 200 Volt. The applied head block
for the voltage variation uses a 5.5 mm thickness, as
shown in Fig. 3(c). The converted induction forces from
the voltage load are transformed into dynamic loads by
considering the operational frequency, phase differences,
and induction time. The time is set from zero to one
second with an increment of 0.01 seconds from zero.

The simulation-based on flexure dimension variation
aims to investigate the flexure dimension toward the
amplitude displacement of the vibration-assisted micro-
milling device. Fig. 3(a) shows the variated part of the
flexure'¥, which is the connector thickness between two
segments( ¢ ). The thickness dimension is variated to 4.5,
5.5, and 6.5 mm, as shown in the sequence in Fig. 3(b)-
3(d). The voltage is set constant at 100 volt for this
simulation.

3. Result and Discussion

The induction force conversion from voltage load for
one piezoelectric actuator is summarized in Table 2. Fig.4
shows the sinusoidal function's induction force with phase
direction differences.

Table 2. Input for voltage load and flexure dimension

simulation.
The force/ring The Force in
Load(Volt) PZT (N) series (N)
100 1.72 6.88
150 2.857 10.348
200 3.45 13.8

Induction Force(N)

0 01 02 03 04 05 06 07 08 09 1
Time(Second)

——Feed direction —— Perpendicular to feed direction
Fig. 4: The selected sinusoidal curve of induction force at
100 Volt at both flexure.

Fig.4 shows the induction force load at the feed and
perpendicular to the feed direction. Therefore with the
combined loads to the head block of the vibration-assisted
micro-milling device, it experiences elliptical motion, as
shown in Figure 5. The elliptical movement of the device
will cause the cutting tool tip to move relatively with the
same movement pattern as the device.

Fig. 5: The selected linear dynamic simulation result.

3.1 The influence of voltage variation

The series arrangement piezoelectric actuator is
installed to induce the vibration-assisted micro-milling
device, as shown in Fig. 6. The simulation result from the
100 Volt load represents the entire investigation of the
voltage load influence to describe the device displacement
at all axes. The resultant displacement output from the 100
Volt, as shown in Fig.6(a), ranges between 1 x1073° mm
and 2.547 x10* mm, and the head block experiences the
amplitude displacement the most. The amplitude
displacement simulation in Fig.6(b) and Fig.6(c) shows
the amplitude displacement at the x-axis and y-axis
(respectively, along the feed direction for the x-axis and
the perpendicular to the feed direction for the y-axis)
range between -2 x 10 mm-1.602 x 10 mm, which make
the head block to experience elliptical motion. Small
displacement in Fig.6(d) indicates that the displacement at
the z-axis(respectively parallel to the tool) did not
influence the device significantly.

The overall displacements from the linear dynamic
simulation demonstrate that the voltage load resulted in
micrometre displacement, which can develop a separation
period between the tool and workpiece and achieve the
targeted elliptical motion for the device. Both the
micrometre displacement and an elliptical motion make
the workpiece vibrate, which causes the tool to experience
an elliptical tool path trajectory. The same procedures
for the 100 Volt are used for the other voltage load.
Afterwards, the finite element software calculates and
records the output displacement and captures the average
displacement.

The amplitude displacement of the vibration-assisted
micro-milling device in Fig.7 increases with the voltage
load and has an amplitude displacement below one
micrometre. That simulation is the same as Zhang’s
study.??. The amplitude displacement of the device above
one micrometre gives a more extended separation period
between the tool and workpiece, but it requires a high
energy source to produce voltage above 300 Volt. Re-
designing the device also became another solution to
achieve the targeted amplitude displacement and must
consider material properties and the dimension of the
entire device components.
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Fig. 6: The selected simulation result (a) (a) the resultant displacement, (b) displacement at the x-axis, (c) displacement at the y-

axis, (d) displacement at z-axis.

3.2 The influence of flexure dimension

The results of the linear dynamic simulation at 200 Volt
from the flexure thickness variation in Fig.8 show that
the 5.5 mm flexure results in the highest displacement
among the other flexure thickness. Fig.8 for the 5.5 and
6.5 mm thickness also displays dominant displacement at
the machining x-y axis or feeding plane, compared to the
displacement at the z-axis. The dominance amplitude
displacement at the feeding plane indicates that the 5.5
and 6.5 mm flexure can produce an elliptical motion for
the device and serve its function as a flexure hinge. So the
5.5 mm and 6.5 mm flexure can be adapted as the
vibration-assisted micro-milling component. But for, the
4.5 mm thickness display dominance displacement at the
z-axis. The dominance displacement at the z-axis is not
applicable for the vibration-assisted micro-milling, which
is placed in the feed direction, because it causes more

friction between the tool and workpiece during machining.

Also, the 4.5 mm appears to have high stiffness, so it can
not serve its function as flexure. The repeated and high
friction will speed up the tool wear. Therefore the 5.5 mm

thickness is the most applicable flexure for this design as
it results in the highest amplitude displacement. The
simulation result also indicates that flexure variation
influences investigation and should consider its critical
dimensions.

0.16
0.14 -
0.12 -

ot
.
1

0.08 = Ux
0.06 1 = Oy
0.04 1 Uz

0.02 JI
0 -

100 150 200
Voltage

Amplitude Displacement(pum)

Fig. 7: The voltage load and amplitude displacement
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The resultant amplitude displacement in Fig.9 shows
that the piezoelectric actuator can superimpose the
vibration-assisted micro-milling device with the 5.5 mm
thickness flexure application. So it is chosen as the most
optimum flexure for the vibration-assisted micro-milling
device because it has the highest amplitude displacement.
The 5.5 mm thickness flexure performance indicates that
its thickness, length, and width allow the structure to
deflect within micrometre displacement.

The chosen flexure design, which can apply an
elliptical motion and operates below one-micrometre
amplitude displacement, is applicable for vibration-
assisted micro-milling installed at the feed direction. The
device capability meets the specification of the device
used by Ding et al.'"” and Jin et al.'¥, and the application
to the machining process improved the surface roughness
below 10%. The influence of flexure as a component of
vibration-assisted micro-milling had to be evaluated by
considering voltage load, structure behaviour, and
material properties to achieve the targeted amplitude
displacement.
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Fig. 8: The flexure and amplitude displacement for each axis

1
E 0.8 -
R
2 5 0.6 -
= £
= FRECH)
£35%47 = URES
& 0.2 -
0_

4.5 5.5 6.5
Flexure thickness

Fig. 9: The resultant displacement output from flexure
variation

4. Conclusion

The voltage load and flexure thickness dimension
variation influence the amplitude displacement of the
vibration-assisted micro-milling device by wusing a
compact method that considers the dielectric effect and
with the aid of finite element software. The voltage load
variation strongly influences the amplitude displacement,
increasing linearly along with the voltage load. The
flexure thickness dimension variation gives an un-trended
influence to the amplitude displacement because the
evaluation of flexure influence must include the entire
flexure dimension. The method proved capable of
predicting the amplitude displacement, choosing the
optimum design of the vibration-assisted micro-milling,
and describing the device movement relative to the tool.
So, this method will ease the researcher to predict the
amplitude displacement of the vibration-assisted micro-
milling device and suppress the experimental cost. Further
studies are required to investigate the characteristics of
flexure influence on the amplitude displacement by
considering structure dimensions and material properties
as an integrated component of the vibration-assisted
micro-milling device.
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