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Abstract: We developed and optimized a block-type ultrasonic horn that can be used for cutting hard
materials. The proposed block-type sonotrode consists of an aluminum horn and a tungsten carbide
blade to increase the cutting of hard materials. We designed an initial ultrasonic block horn that has
double slots and an exponential stepped profile. We developed a finite element model of the initial
model and analyzed the characteristics of natural frequency and displacement. We formulated a DOE
table and response surface to perform sensitivity analysis and analyze the correlation between the
design variables and characteristics of the proposed block horn. The optimal ultrasonic block horn
was derived via a multi-objective optimal design problem to maximize the amplitude uniformity of
the proposed horn and frequency separation. We fabricated the optimal block horn and verified it
experimentally. An ultrasonic cutting experiment was conducted to find the ultrasonic cutting force
with hard ceramic composite materials. A cutting test with a conventional cutting machine under the
same condition was also conducted to compare the cutting force. The proposed optimal ultrasonic
cutter requires 70% less cutting force than the conventional cutter to cut a ceramic composite material
and the cutting surface with the application of the proposed optimal ultrasonic cutter is much cleaner
with no crack and delamination than that with the application of the conventional cutter.

Keywords: ultrasonic cutting machine; block horn; sensitivity analysis; multi-objective optimal
design; tungsten carbide blade; ultrasonic cutting experiment

1. Introduction

Ultrasonic vibration has been applied to various manufacturing machines such as
bonding, welding, drilling, and cutting machines by resonating a tool at ultrasonic fre-
quency to assist in the manufacturing process [1-9]. Ultrasonic machining has many
advantages over the conventional machining process. In ultrasonic cutting machines,
the ultrasonic vibration applied to a cutting tool reduces the required cutting force and
decreases the friction force between the workpiece and tool, which decreases the stress
applied to a workpiece, thus generating a uniform surface and cross section of the cut
product. Figure la shows the structure of a block-type ultrasonic cutting machine that
consists of a piezoelectric oscillator, booster, shaft and sonotrode. The piezoelectric oscil-
lator is used as a resonator that generates ultrasonic vibration at the natural frequency
of the cutting machine. The booster transmits the vibration to the horn and amplifies or
dampens the vibration as necessary. The shaft combines the booster and the horn, and
transmits the vibration coming from the booster to the horn. The vibration reaching the
horn is amplified and transferred to the blade. Finally, the ultrasonic vibration arriving at
the blade assists the cutting process. There are many different types of ultrasonic cutting
horns, depending on the shape. Among them, a horn whose width is more than one-third
of the horn material wavelength is called a block-type horn [10]; such a horn is also called
a food cutting blade, wedge blade, or guillotine blade. The block-type ultrasonic cutter has
a larger width than the other types, so they are mainly used to cut large raw materials into
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smaller pieces. However, the block-type cutting horn is only used for cutting and splitting
of soft materials such as rubber, plastic and foodstuffs, not hard material. The main reason
is that the block-type ultrasonic horn and blade are made of a single material such as
titanium, aluminum, and stainless steel to increase their high wear resistance, high Q-factor
and good acoustic characteristics [8]. Therefore, this monolithic structure with ultrasonic
material has lower hardness than tungsten carbide or tool steel, which are commonly used
as a tool tip. This limitation can be overcome by developing a horn with ultrasonic material
and a blade with high hardness material and combining them to expand the application
area of ultrasonic cutting machines to cut hard material.
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Figure 1. (a) A block-type ultrasonic cutting machine and (b) a sonotrode.

Many researchers have investigated the ultrasonic cutting mechanism of block-type
horns using an analytical method. Zahn et al. studied the reduction of the cutting force of
several workpieces according to the working conditions of block-type ultrasonic cutters [11].
Lucas et al. developed a finite element model for ultrasonic cutting of a single and double
layer model [12]. Deibel et al. investigated the ultrasonic cutting of laminated paper using
a dynamic model and calculated the cutting force [13]. However, these studies focused
on the characteristics of the block-type cutter according to the ultrasonic cutting process
or working conditions, and the effect of the geometric characteristics of the horn was not
analyzed. Some researchers have studied the characteristics of ultrasonic cutters with
respect to the geometry of ultrasonic horns. Lucas et al. added small slots to an ultrasonic
horn and analyzed the effect of the small slots on the frequency isolation and vibration
uniformity, Cardoni et al. further considered the thickness of the horn as a design variable
to analyze the frequency characteristics of the horn [14,15]. Roopa Rani et al. studied the
displacement, stress, and heat specification of various horns with different cross-sectional
shapes through experimental and analytical methods, and Nguyen et al. developed a horn
with a B-spline cross-sectional shape and further investigated its characteristics [16,17]. In
addition, many researchers have investigated the displacement and frequency characteris-
tics of various ultrasonic machines considering the geometrical characteristics of the horn,
but it was a single-material ultrasonic horn and blade, and they did not even consider the
various geometrical design variables simultaneously [7,18-26].

In this study, we proposed an optimal block-type ultrasonic cutter with dissimilar
material that combines an aluminum horn with a tungsten carbide blade in order to cut
hard materials as well as soft materials. We designed an initial ultrasonic block horn,
developed a finite element model of the initial model and analyzed the characteristics of
its natural frequency and displacement. We formulated a multi-objective optimal design
problem of the ultrasonic block horn to maximize the amplitude uniformity and frequency
separation to ensure cutting performance. We calculated the optimal design problem
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and proposed an optimal block-type ultrasonic horn and also performed the sensitivity
analysis to analyze the correlation between many design variables and characteristics
of the ultrasonic horn. We fabricated the proposed optimal block horn and verified it
experimentally. An ultrasonic cutting experiment was conducted to find the ultrasonic
cutting force with hard ceramic composite materials. A cutting test with a conventional
cutting machine under the same conditions was also conducted to compare the cutting
force and the cutting surface.

2. Initial Design and Finite Element Analysis of an Ultrasonic Cutting Horn
2.1. Conceptual Design of a Sonotrode

Figure 1b shows a basic structure of the initial sonotrode model, which consists of
a horn, blade and shaft. The horn and blade were bonded using epoxy-based adhesives.
The materials of the horn and blade were aluminum and tungsten carbide, respectively.
Table 1 shows the material properties of the horn, blade and shaft. The length of the horn
is the main variable that determines the axial mode frequency. The relation between the
length of the horn and axial mode frequency can be obtained by solving the following

wave equation [18]:
c 1 |E
A=—=—/==2I 1)
fof\e

where A, f, E, p and | represent the wavelength, axial mode frequency, elastic modulus,
density and length of the horn, respectively. Generally, the axial mode frequency of a
block-type horn is in the low ultrasonic range of 2040 kHz [15]. Therefore, the axial mode
frequency was determined to be 28.5 kHz, which is in that range. Using the length of
the horn calculated by axial mode frequency and the horn material properties, the value
from Equation (1) was 88.9 mm. The horn was designed to have a reduced rectangular
cross section that was stepped toward a lower face. This reduction in cross-sectional area
amplifies the vibration passing through the horn, which creates a high vibration at the
lower face of the horn. The horn had double slots that divide the horn into two side bars
and one middle bar, and these bars have a shorter edge compared to the whole edge of
the horn. These slots create uniform vibration at the lower face of the horn, because the
vibration at the lower face of the horn tends to be greatest at the center and becomes smaller
along the edge due to the shaft being located in the middle of the horn. Additionally, each
side bar was designed to have a greater thickness than the middle bar at the upper part and
has the same thickness at the lower part to create uniform vibration at the lower face of the
horn. This is because the vibration at the lower face of the side bars should be amplified
more than the middle bar. In addition, the width (length of the horn along the x-axis) was
designed to be reduced at the lower part of the horn to amplify the vibration at this edge.

Table 1. Material properties of a sonotrode.

Component Material Young's Modulus [GPal Density [kg/m?3] Poisson’s Ratio
Horn Al7075 719 2802 0.34
Blade WC 500 13,834 0.2
Shaft SCM435 205 6287 0.29

2.2. Finite Element Analysis

We developed a finite element model using ANSYS software to analyze the character-
istics of the proposed sonotrode model. The convergence of the developed finite element
model was secured, and it had 20,155 hexahedral elements with a size of 2.5 mm. Figure 2
shows the developed finite element model and boundary conditions. For the boundary
conditions, the displacement of the shaft was constrained along the x- and y-axes. The
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natural frequencies and mode shapes were calculated by modal analysis. The frequency
isolations are defined as follows:

f 1stisolation — f axial — f axial—1 (2)

f 2nd isolation = f axial+1 — f axial (3)

Wheref axials f axial—1~ f axial+1/f 1st isolation andf 2nd isolation Tepresent the axial mode ffequenCYr
one lower mode frequency, one higher mode frequency, the 1st frequency isolation and the

2nd frequency isolation. Figure 3 shows the mode shape of the axial mode and one lower
and higher mode. In the axial mode, the horn vibrates along the axial direction. The one
lower and higher mode of the sonotrode are the bending motion of the horn lower part
and blade. The one lower mode shape is the 2nd bending mode, where both ends of the
blade deform in the y-axis direction, and the one higher mode shape is the 3rd bending
mode where both ends and the center of the blade deform in the y-axis direction. The
axial frequency, the 1st frequency isolation and the 2nd frequency isolation were 28,520 Hz,
1588 Hz and 864 Hz, respectively.

Fixed boundary condition -

Figure 2. Finite element model of the initial sonotrode.

26,932 Hz
@)

28,520 Hz 29,366 Hz
(b) (¢)

Figure 3. Mode shape and natural frequency of the (a) one lower mode (f 54ia1—1), (b) axial mode (f,4i,1) and (c) one higher

mode (faxial+1)~
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The maximum displacement at the horn lower face, minimum displacement at the
horn lower face, gain and displacement uniformity were calculated by harmonic analysis.
The gain and displacement uniformity were defined as follows:

o = Uowmin 10 4)
(uIOW max
_ (ulow)max (5)
(uupp)max

where 4, ¢, (410w )min, (Miow)max and (Uupp)max represent the displacement uniformity, gain,
minimum displacement at the horn lower face, maximum displacement at the horn lower
face and maximum displacement at the horn upper face, respectively. Under the analysis
conditions, the displacement of the shaft was constrained along the x- and y-axes, and
the axial mode frequency was used as the excitation frequency. Figure 4 shows the cal-
culated displacement along the horn lower face. The maximum displacement, minimum
displacement, displacement uniformity and gain were 16.80 um, 13.76 pm, 1.07 and 81.9%,
respectively. These dynamic characteristics (natural frequency, frequency isolation, dis-
placement) are changed with changes in the design variables, so it is very hard to decide
the specific values of design variables using the trial and error method. Therefore, we used
the optimal design method to derive the best horn model.
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Figure 4. Simulated displacement at the lower face of the initial block-type horn model.

3. Optimization of the Developed Ultrasonic Cutting Horn
3.1. Sensitivity Analysis

We performed sensitivity analysis of the proposed block-type horn. Figure 5 shows
the input parameters of the x-axis position of the slot, the z-axis position of the slot, width,
thickness of the side part, thickness of the middle part and thickness of the lower part.
Table 2 shows the upper and lower limit of each input parameters. The output parameters
were the 1st frequency isolation, 2nd frequency isolation, gain and displacement uniformity.
The sensitivity analysis was performed in the following steps: (1) a design-of-experiments
(DOE) table is established by the optimal space filling method; (2) modal and harmonic
analysis of every sample point are performed to complete the DOE table; (3) the response
surface is formulated by a neural network method; and (4) the sensitivity analysis is
performed using the response surface. Figure 6 shows the 1st and the 2nd frequency
isolation according to the variation of the x-axis position of the slot, z-axis position of the
slot, width, thickness of the side part, thickness of the middle part and thickness of the
lower part. The thickness of the side part has the greatest influence on the 1st frequency
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isolation and decreases as the thickness increases. The effect of the thickness of the side
part also has the greatest influence on the 2nd frequency isolation, which decreases as the
thickness of side part increases. Figure 7 shows the displacement uniformity and gain
according to the variation of the x-axis position of slot, the z-axis position of the slot, width,
thickness of the side part, thickness of the middle part and thickness of the lower part. The
z-axis position of the slot and the thickness of the side part have the great influence on the
displacement uniformity. The displacement uniformity increases as the z-axis position of
the slot decreases to negative or the thickness of the side part increases. The z-axis position
of the slot and the thickness of the middle part have the great influence on the gain. The
gain increases as the z-axis position of the slot decreases to negative or the thickness of
the middle part increases. The result of the sensitivity analysis shows that every design
variable influences the output parameters differently, but the most critical variable among
them was the thickness of the side part.
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Figure 5. Design parameters of a block-type ultrasonic cutting horn.
Table 2. Lower and upper limits of the design variables.
Parameter Name Symbol Lower Boundary Upper Boundary
x-axis position of slot [mm] Spx 18.4 23.4
z-axis position of slot [mm] Spz 42.0 49.0
Width [mm] w 61.5 64.5
Thickness of side part [mm] thgig 21.5 25.0
Thickness of middle part [mm] thyia 18.0 19.5

Thickness of lower part [mm] tHhiow 16.0 16.5
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Figure 6. The 1st order trend lines of the frequency isolations according to the variation of the design parameters of the
ultrasonic cutting horn.
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Figure 7. The 1st order trend lines of the displacement uniformity and gain according to the variation of the design
parameters of the ultrasonic cutting horn.
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3.2. Optimization

We formulated a multi-objective optimal design problem to maximize the 1st and 2nd
frequency isolation and displacement uniformity as follows:

Maximize "‘lflst isolation 1 0‘2]( 2nd isolation T X34 (6)

subjectto

(fisolation)]ower_limit < f Ist isolation

(fisolation)]ower_ljmit S f 2nd isolation (7)
(lx)lowerflimit S &

(X,’) <X; < (Xl)

lower_limit — upper_limit

where a1, &y and a3 represent the weight factors of the output parameters, and we set
each of these values as 0.333, 1 and 0.333, respectively. The weight factor of the fy,4 isolation
is greater than the others in order for both frequency isolations to be at the same level.
(fisolation)lower _limit and (@ower limit represent the lower limits of the frequency isolations
and displacement uniformity, and these values were set as 1200 and 84. X, (Xi)iower limit
and (Xi)upper_limit Tepresent the design variable, upper and lower limits of the design
variables. The input parameters are the design variables used in the sensitivity analysis.
The optimal design problem was solved using the multi-objective genetic algorithm. In
addition, finite element analysis of the optimal model was performed under the same
analysis conditions as the analysis of the initial model, and the variation of each output
parameter was confirmed. Table 3 shows the input and output parameters of the initial
and optimal model. In the optimal model, the x-axis position and width of the slot were
smaller than the initial model. Additionally, the thickness of the lower part was the same
as the initial model, and the z-axis position of the slot, the thickness of middle bar, and
the thickness of the side bar were larger than the initial values. Table 4 shows the output
parameters of the optimal and initial models. Figure 8 shows the displacement at the
lower face of each model. The optimal model has a maximum and minimum displacement
greater than the initial model, by 0.75 pm and 1 pm, respectively. In addition, the difference
between the maximum and minimum displacement was 0.25 pm smaller than the initial
model. The 1st and 2nd frequency isolations were 1189 Hz and 1181 Hz, respectively.
The 1st frequency isolation was 358 Hz less than the initial model, and the 2nd frequency
isolation increased by 403 Hz. Both the 1st and 2nd frequency isolations of the optimal
model were greater than 1000 Hz.

Table 3. Initial and optimal values of design variables.

Parameter Name Symbol Initial Model Optimal Model
x-axis position of slot [mm] Spx 23.4 21.3
z-axis position of slot [mm] Spz 42.0 43.4
Width [mm)] w 64.5 63.5
Thickness of side part [mm)] thg;g 220 22.7
Thickness of middle part [mm] thyia 19.0 19.5
Thickness of lower part [mm] thiow 16.0 16

Table 4. Simulated output values of initial and optimal models.

Parameter Name Initial Model Optimal Model
Displacement [um] M?x'lmum 16.80 17.55
Minimum 13.76 14.76
Axial mode frequency [Hz] 28,520 28,478
One lower mode frequency [Hz] 26,932 27,289
One higher mode frequency [Hz] 29,366 29,659
1st frequency isolation [Hz] 1588 1189

2nd frequency isolation [Hz] 846 1181
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Figure 8. Simulated output displacement of the optimal and initial models at the horn lower face.

4. Fabrication and Experimental Verification
4.1. Displacement Measurement Experiment

The optimal model of the proposed horn was fabricated, and a displacement mea-
surement experiment was conducted to verify the optimal design. Figure 9a shows the
experimental set-up, which consists of a block-type ultrasonic cutting machine (developed
block-type horn and oscillator), laser Doppler vibrometer sensor (LDV, Polytec), signal ana-
lyzer (B&K PULSE), and laptop. Figure 9b shows the prototype horn and the displacement
measurement points on the lower face of the horn. The value of the data measured over 1 s
was used for the output displacement at the lower face of the horn.

Laser doppler vibrometer
(OFV-5000)

Signal analyzer
(PULSE 3560C)

-------
-------

Block-type ultrasonic cutter LDV probe

— = Point 1 Poiat Poiat

(a) (b)

Figure 9. (a) Experimental set-up for a displacement measurement experiment and (b) fabricated optimal model and

measuring points.

The ultrasonic horn was excited by a resonator at 28.5 kHz, as we intended from
the design stage, and the experiments were performed repeatedly at nine points at the
lower face. Figure 10 shows the simulated and measured displacement at the lower face
of the horn. Table 5 shows the maximum and minimum displacements of the results
and displacement difference at the lower face of the horn. The measured maximum
displacement of 17.56 um occurred at point 5. The reason for this is that point 5 is located
at the center of the horn, and the shaft, which is the maximum vibration source, is also
located in the same position. The minimum displacement of 15.30 um occurred near point
8. This is because the width at the lower part of the horn was designed to be reduced
to amplify the vibration at each edge of the horn. The difference between the measured
and simulated displacements was less than 4%, which shows that the fabricated horn well

matched with simulation horn.
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Figure 10. Simulated and experimental output displacement of the optimal model.

Table 5. Simulated and experimental output displacement of the optimal model.

Displacement [um]

Axial Mode Frequency [Hz]

Maximum Minimum
Simulation 17.55 14.76 28,478
Experiment 17.56 15.30 28,480
Difference [%] 0.06 3.52 0.01

4.2. Cutting Experiment

The cutting experiment was performed to confirm the effectiveness of the ultrasonic-
assisted cutting using the fabricated ultrasonic horn. Figure 11 shows the experimental
set-up of the cutting experiment. The load cell was used to measure the cutting force and the
oscillator was used to resonate the horn to a natural frequency of 28.5 kHz. The cutting work
was conducted in the axial direction of the ultrasonic cutter, and the resonance frequency
was applied for 0.1 s before and after the contact occurs. Silicon composite materials (8 GPa
Vickers hardness, 18-um thickness), which are actively used in electronic products, were
used as the experimental specimens. The cutting speed was 100 mm/s, in order to cut
two specimens per second. The average cutting force of the 10 cutting experiments was
measured. The experiments were conducted with and without an ultrasonic vibration
excitor. Table 6 shows the cutting force of the 10 cutting experiments with and without
an ultrasonic vibration excitor. The output cutting force of the optimized cutter assisted
by ultrasonic vibration was 78.5 N and the output cutting force without using ultrasonic
vibration was 234.0 N. The cutting force assisted by ultrasonic vibration was reduced to
30% of the conventional cutting force. Figure 12 shows samples of the cutting surface
of the specimens photographed using a scanning electron microscope (SEM). As shown
in Figure 12a, the cutting surface without an ultrasonic vibration excitor had crack and
delamination in which lamination layer being apart or defected. On the other hand, as
shown in Figure 12b, the cutting surface with an ultrasonic vibration excitor was clean,
with no faults. This can be explained by the fact that the reduced cutting force with the
application of the ultrasonic vibration excitor decreases the friction force between the horn
and the specimen and improves the quality of the cutting surface.
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Oscillator controller

Block-type ultrasonic cutter

Ceramic composite material

Load cell

Figure 11. Cutting experiment set-up.

Table 6. Cutting force measured in the cutting experiment.

Cutting Force [N]

Test #
Ultrasonic Cutting Conventional Cutting
1 76.3 235.6
2 779 240.1
3 824 2289
4 75.5 2325
5 76.9 234.8
6 78.4 239.4
7 80.4 229.8
8 81.2 234.5
9 76.8 231.2
10 78.8 233.0
average 78.5 234.0

(a) (b)

Figure 12. SEM images of cutting surface (a) without the application of ultrasonic vibration and (b) with the application of
ultrasonic vibration.
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5. Conclusions

We proposed a block-type ultrasonic cutting sonotrode that consists of an aluminum
horn and a tungsten carbide blade. It has good characteristics of wear resistance, hardness
and fatigue strength, which makes it possible to apply for cutting hard materials. We inves-
tigated the correlation between the design variables and characteristics of the proposed
block-type horn in terms of frequency isolations, displacement uniformity and gain. We
proposed an optimal horn design by performing a multi-objective optimal design. We
fabricated the optimal horn, and verified it by displacement measurement experiment.
The results showed that the optimal model was well designed and was fabricated within
4% error. We also conducted an experiment of cutting a silicon composite material. The
cutting force using ultrasonic vibration was reduced to 30% of the conventional cutting
force and shows better quality of cutting surface. This research will contribute to ex-
panding the application area of ultrasonic cutting machines to cut hard materials such as
electronic components.
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