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In order to realize the connection for metal foil, a longitudinal-torsional compound consolidation vibration system is proposed,
and relative experiments are carried out. Firstly, the structure of longitudinal-torsional compound consolidation vibration system
was designed, detailed structural design of the compound piezoelectric transducer and the compound horn in the vibration system
was carried out, and torsional vibration analysis of the compound horn with spiral grooves was carried out based on mechanical
principle. Secondly, modal calculation and harmonic response analysis of longitudinal-torsional compound consolidation vi-
bration system were carried out, and corresponding vibration mode and harmonic frequency were obtained. .e effect of
structural parameters for the compound horn on the frequency of the consolidation vibration system was analysed, and structural
parameters of the compound horn were optimized. Finally, the prototype was made, and the experimental platform was built to
test the amplitude. When the frequency is near 20000Hz, the resonance is achieved in three directions at the same time, and the
resonance frequency is 19800Hz..rough the frequency-scanning test, themaximum longitudinal amplitude of the consolidation
vibration system is 16 μm, and the maximum torsional amplitudes of X and Y are 7.9 μm and 8.1 μm. .e longitudinal-torsional
compound consolidation vibration system can realize the connection of the same and different metal foils and has broad
application prospects.

1. Introduction

Ultrasonic additive manufacturing for metal foil has the
advantages of low forming temperature, small deformation,
fast speed, and no pollution. A variety of metal foils and
embed low melting point materials or electronic devices
such as sensors, alloy fibres, and other temperature-sensitive
materials can be connected and are widely used in the
manufacturing of intelligent structures and materials [1–4].
To connect metal foils under certain pressure, it is usually
achieved under one-dimensional longitudinal vibration
mode by the traditional additive manufacturing equipment.
.e consolidation mechanism is clear but accompanied with

some shortcomings; it cannot apply to thick and hard metal
foil such as titanium alloy and stainless steel. .erefore, the
research on two-dimensional compound ultrasonic con-
solidation vibration system for metal foil becomes a hot spot.

A system for use in ultrasonic additive manufacturing
processes was invented by Norfolk et al. [5], comprising the
milling machine or the like and a welded assembly. Graff
et al. [6] invented an ultrasonic welding apparatus that
included a full-wave sonotrode that further included a first
horn, a first nodal region, a welding surface, a second nodal
region, and a second horn.

Tsujino et al. [7–10] studied transverse and torsional
complex vibration systems for ultrasonic seam welding of
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metal plate specimens, using a 27 kHz welding tip with
complex vibration disk vibrating in transverse and torsional
vibration modes. .e complex vibration system can con-
tinuously weld multiple parts of metal plate specimens such
as heat sinks with a large number of fins.

An ultrasonic longitudinal-torsional vibration source
which could be controlled was developed by Asami et al.
[11]. It consisted of two transducers, a longitudinal trans-
ducer and a torsional transducer, attached to the ends of a
uniform rod with a length of one wavelength of the prop-
agating vibration.

Al-Budairi et al. [12, 13] studied combining longitu-
dinal and torsional vibration responses at the output face of
a Langevin transducer. A mode degeneration method was
adopted that converted the longitudinal response excited
by the axially poled piezoceramic discs in the transducer
into combined longitudinal-torsional vibration in the
transducer front mass using geometric modifications of the
wave path.

Ultrasonic additive manufacturing system for longitu-
dinal vibration and the design approach for longitudinal-
torsional ultrasonic transducers have been studied in the
above research work, but there are few studies on longi-
tudinal-torsional compound consolidation vibration system
for metal foil.

In this paper, longitudinal-torsional compound con-
solidation vibration system for metal foil was designed, the
structure and working principle were analysed, and the
optimization design of the consolidation vibration system
was carried out. .e longitudinal and torsional amplitudes
were tested. .e experiment proved the feasibility of the
longitudinal-torsional compound consolidation vibration
system.

2. Structural Design of Longitudinal-Torsional
Compound Consolidation Vibration
System for Metal Foil

In order to better explore the effect of ultrasonic vibration
mode on the consolidation for metal foil, based on UGNX, a
hybrid top-down and bottom-up assembly method was
adopted to establish the overall structure, as shown in
Figure 1. .e system mainly includes a piezoelectric
transducer, the compound horn with spiral grooves, and
consolidation sonotrode [14–16].

.e working principle of the consolidation vibration
system is as follows. Flange 7 is used for positioning the
whole consolidation vibration system; pretightening bolt 5
makes piezoelectric ceramic 6 fasten between the front cover
plate and rear cover plate. When an ultrasonic signal is
input, longitudinal vibration is generated by the piezo-
electric transducer and then is transformed into longitu-
dinal-torsional compound vibration through spiral grooves.
Under a static pressure applied to consolidation sonotrode 8,
friction heat is generated between metal foils, and then
plastic deformation occurs, and the consolidation for metal
foil is achieved.

2.1. Design of the Compound Piezoelectric Transducer. .e
piezoelectric transducer is the key component of longitu-
dinal-torsional compound consolidation vibration system.
Its vibration mode belongs to longitudinal vibration. It uses
the reverse piezoelectric effect of piezoelectric ceramics to
generate the vibration.

2.1.1. Equivalent Circuit of the Piezoelectric Transducer.
.e equivalent circuit of the piezoelectric transducer mainly
includes the front cover plate, piezoelectric ceramics and
rear cover plate. As shown in Figure 2, Z01, Za2, and Za3 are
the impedance of the rear cover plate. Z01 and Z02 are the
impedance of piezoelectric ceramics. Zb1, Zb2, and Zb3 are
the impedance of the front cover plate. Zb is the load im-
pedance of the rear cover plate. Zf is the load impedance of
the front cover plate. I is the circuit current. V is the circuit
voltage. C0 is the circuit capacitance. When the transducer is
designed and calculated, the load impedance of Zb and Zf

can be removed.

2.1.2. Frequency Equation of the Piezoelectric Transducer.
.e frequency equation of the piezoelectric transducer is
the key to the structural design of the transducer. .e
frequency equation is related to the structure, shape, and
material characteristics of the transducer components. .e
nodal plane selection of the transducer affects the struc-
tural dimension, which is the basis of the transducer
design. .e piezoelectric transducer node designed in this
paper is at the front cover plate, as shown in Figure 3. l1, l2,
l3, and l4 are different position sizes of the transducer,
l4 � (λc/4). .e frequency equation of the transducer node
at the front cover plate is shown in the following equation:

Z3

Z2
tan k2l2 tan k3l3 +

Z3

Z1
tan k1l1 tan k3l3

+
Z2

Z1
tan k1l1 tan k2l2 � 1,

(1)

where k1 � 24.7m− 1, k2 � 40.5m− 1, and k3 � 23.9m− 1.

2.1.3. Size Calculation of the Piezoelectric Transducer.
.e material characteristic parameters for different com-
ponents of the transducer are shown in Table 1.

Using the frequency equation (1) and the data in Table 1,
the dimensions of different structures of the transducer can
be calculated.

1 2 3 4

5678

Figure 1: .e overall structure of longitudinal-torsional com-
pound consolidation vibration system. 1: spiral groove; 2: front
cover plate; 3: electrode slices; 4: rear cover plate; 5: fastening bolt;
6: piezoelectric ceramics; 7: flange; 8: consolidation sonotrode.
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Piezoelectric ceramic is PZT-8, the radius is R1 � 20mm,
the thickness is 5mm, four pieces are taken, the radius of
electrode slices is the same as that of piezoelectric ceramic,
the radius is also R2 � 20mm, the thickness is 1mm, and
l2 � 5 × 4 + 1 × 4 � 24mm.

.e rear cover plate is 45# steel, the radius is
R3 � 20mm, and the length is 10mm. l4 � (λc/4) �

(c/4f) � (5262/4/20) � 65.8mm, the value is rounded to
66mm.

Taking l2, l3, and l4 and the data in Table 1 into equation
(1), l1 � 4.5mm is calculated. .erefore, the length of front
cover plate of the transducer is l1 + l4 � 70.5mm and the
radius is R4 � 20mm.

2.2. Design of Longitudinal-Torsional Compound Horn. In
the longitudinal-torsional compound piezoelectric consol-
idation vibration system, the horn is the key component..e

horn amplifies the vibration of the transducer and transmits
it, and the consolidation requirement for metal foil is met
[17–19].

2.2.1. Frequency Equation of Conical Compound Horn.
In order to meet the requirements of the consolidation
vibration system, the design of stepped conical compound
horn is adopted, which can not only ensure the amplitude
magnification but also ensure the stability of vibration
transmission by giving the need for big amplitude and high
stability of longitudinal-torsional compound piezoelectric
vibration system for metal foil. .e structure and boundary
conditions of stepped conical compound horn are shown in
Figure 4.

.e frequency equation of the compound horn is shown
in the following equation:

Za2

Za3

Z01 Z01

Z02

Za1 Zb1 Zb2

Zb3Zb Zf

V

I

C0

Figure 2: .e equivalent circuit of the transducer.

Ma

Nb

l1l2l3 l4

Figure 3: Nodal plane at the front cover plate.

Table 1: Material parameters of ultrasonic transducer.

Material Density ρ 103

(kg/m3)
Elastic modulus E 1011

(N/m2)
Poisson’s ratio

μ
Longitudinal wave velocity C

m/s
Piezoelectric ceramic PZT-8 7.5 0.59 0.35 3100
Electrode slices (copper strip) 8.9 1.23 0.35 3718
Front cover plate (aluminum alloy) 2.7 0.70 0.34 5090
Rear cover plate (45# steel) 7.8 2.16 0.28 5262
Prestressed screw (40 Cr) 7.75 2.15 0.29 5267
Horn (45# steel) 7.8 2.16 0.28 5262
Sonotrode (45# steel) 7.8 2.16 0.28 5262
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tan k6l6 �
a2k5l5 − a2 + b k5l5( 

2
 tan k5l5

k5l5 bk5l5 − a tan k5l5( 
, (2)

where, a � ((R5 − R6)/R6), b � (R5/R6), and k5 � k6 �

23.9m− 1.
.e amplitude magnification of the compound horn is

shown in the following equation:

Mp �
R5

R6
cos k5l5 −

1
k5l5

R5 − R6

R6
sin k5l5 

1
cos k5l5

. (3)

In order to match with the output end of the transducer,
the radius of the big end conical part is R5 � 20mm, the
length is l5 � 50mm, and the radius of the small end cylinder
is R6 � 6.66mm.

Taking a � 2, b � 3, and k5l5 � 1.195 into (2) and (3),
l6 � 60mm and Mp � 6.48 are calculated.

2.2.2. Torsional Vibration Analysis of the Compound Horn
with Spiral Grooves Based on Mechanical Principle. At
present, there are two ways to generate longitudinal-tor-
sional vibration in the ultrasonic vibration system. One is to
use the axial and tangential polarization of piezoelectric
ceramics, which is easy to make the polarization effect of
piezoelectric ceramics poor. .e other is to use the modal
conversion method to transform the longitudinal vibration
into the longitudinal-torsional compound vibration through
a structure, which is relatively simple. .e compound horn
with spiral grooves is shown in Figure 5. .e inclination
angle of spiral grooves is β. r1 is the small end radius of the

compound horn, and r2 is the big end radius of the com-
pound horn.

.e spiral groove divides the vibration force F into the
axial force F1 and the tangential force F2, in which the
tangential force F2 causes the torsional vibration of the
compound horn and the axial force F1 causes the longitu-
dinal vibration of the compound horn. .e relationship
between them is shown in the following equation:

F1 � F cos β,

F2 � F sin β.
 (4)

.e torqueMTgenerated by torsional vibration is shown
in the following equation:

MT � 
S
rfTdS, (5)

where r is the radius of the spiral groove at any section and
fT � (F sin β/S) is the unit area tangential force of the spiral
groove.

.e approximate calculation of the cross-sectional area
of the spiral groove at any position is shown in the following
equation:

S � πr
2

− 2h sin β r1 < r≤ r2( , (6)

where h is the depth of the spiral groove.
Equation (7) can be obtained from the following

equation:

dS � 2πrdr (7)

.e following equation can be obtained from (5)–(7):

MT � 2F sin β r2 − r1 −

����������

(2h sin β/π)



arctanh
r2����������

(2h sin β/π)
  +

����������

(2h sin β/π)



arctanh
r1����������

(2h sin β/π)
  . (8)

From the moment expression, the transducer can gen-
erate both the longitudinal vibration and the torsional vi-
bration by means of the effect of the spiral groove, which can
realize the longitudinal-torsional compound vibration.

In order to realize the consolidation for metal foil, a
consolidation disk should be installed at the front end of the
compound horn with spiral grooves.

v5 (0) = vf

F5 (0) = 0
F5 (l5) = F6 (0)

F6 (l6) = 0

v6 (l6) = ve
R5

R6

x5

l5 l6

x6

Figure 4: Stepped conical compound horn.
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3. Optimization Design of Longitudinal-
Torsional Compound Consolidation
Vibration System for Metal Foil

In order to realize the consolidation for metal foil, the
calculation and analysis of the longitudinal-torsional com-
pound consolidation vibration system are carried out, then
the harmonic response analysis is carried out, the effect of
structural parameters of the compound horn on the fre-
quency of the consolidation vibration system is studied, and
structural parameters of the compound horn are optimized
[20–24].

3.1. Modal Analysis of Longitudinal-Torsional Compound
Consolidation Vibration System for Metal Foil. .rough
modal analysis, the vibration mode and frequency of the
structure can be observed intuitively, and then the correct
modal order can be selected to lay the foundation for the
structural optimization.

3.1.1. Modal Analysis of the Transducer. Modal analysis flow
of the transducer is as follows. Firstly, NX and ANSYS are
connected bidirectionally. Secondly, material properties of
each component are defined for the transducer model, the
contact type is defined, the mesh is generated, the number of
modes is set to 6, and the frequency range is set between
15000Hz and 21000Hz..e transducer has no external load
and belongs to free modal analysis. .e simulation results
show that the transducer belongs to the longitudinal vi-
bration, the maximum amplitude is at the front of the front
cover plate, the node position is on the left side of the front
cover plate, the vibration frequency is 19801Hz, the dif-
ference from the design frequency of 20 kHz is 199Hz, and
the error is 1% and less than 5%, which meets the engi-
neering requirements.

3.1.2. Modal Analysis of the Compound Horn. According to
different spiral grooves of the compound horn, the modal
analysis is carried out based on ANSYS, and the effect of the
number of spiral grooves on modal frequency of the
compound horn is shown in Figure 6.

It can be seen from Figure 6 that the vibration frequency
of the compound horn decreases with the increase of the
number of spiral grooves. When the number of spiral

grooves is 6, the vibration frequency of the compound horn
is the closest to the design frequency of 20 kHz. As the
number of spiral grooves increases, processing becomes
more difficult, the strength and rigidity of the compound
horn will decrease, and the stress concentration will appear,
the damage is easy to occur. According to the simulation
results, the number of spiral grooves can be 4, the vibration
frequency of the compound horn is 21037Hz, which is quite
different from the theoretical design frequency, and the
structural parameters need to be optimized further.

3.1.3. Modal Analysis of Longitudinal-Torsional Compound
Vibration System. According to the simulation results, the
vibration frequency of the longitudinal-torsional compound
vibration system without flange is 20576Hz, the difference
from theoretical design frequency of 20 kHz is 576Hz, and
the error is 2.88% and less than 5%, which meets the design
requirements. .e vibration frequency with flange is
20355Hz, the solution result is shown in Figure 7, the
difference from theoretical design frequency of 20 kHz is
355Hz, and the error is 1.78% and less than 5%, which meets
the design requirements. .e purpose of adding flange is to
facilitate the positioning and clamping of longitudinal-
torsional compound vibration system. .rough the finite
element modal calculation, all of them are within the al-
lowable error range and meet the engineering requirements.

3.2. Harmonic Response Analysis of Longitudinal-Torsional
Compound Consolidation Vibration System for Metal Foil.
Harmonic response analysis belongs to frequency response
analysis, also known as frequency-scanning analysis, which
is the amplitude response of the system under the frequency
excitation.

Before harmonic response analysis of longitudinal-tor-
sional compound consolidation vibration system, modal
analysis is carried out firstly, the longitudinal-torsional
frequency of compound consolidation vibration system is
20335Hz, and the frequency response range can be set to
19000–21000Hz. A point on the sonotrode is selected as the
harmonic response point. After the harmonic response
calculation, the amplitudes of X, Y, and Z at the end of
longitudinal-torsional compound consolidation vibration
system are 9.31 μm, 9.22 μm, and 18.8 μm. .e simulated
longitudinal amplitude of the transducer is 3 μm, the

r2

D2
F2

F

L1L2

r1 D1βF1

Figure 5: Spiral groove structure.
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theoretical amplitudes of the compound horn are 19.45 μm,
and the error is 3.3%, which meets the design requirements.

3.3. Effect of Structural Parameters of the Compound Horn on
the Frequency of the Consolidation Vibration System.
Structural parameters of the compound horn include the
length L1 of the small end cylinder, the length L2 of the big
end conical part, the diameter D1 of the small end cylinder,
the inner diameter D2 of the big end conical part, and the
sector angle β of the big end conical part, as shown in
Figure 6. Based on the parametric design function of NX, the

parametric model of the compound horn was established
and imported into ANSYS, and the bidirectional parameter
transmission between them was established. .e simulation
analysis used single factor experiment method, the search
frequency range was 18000–22000Hz, and one parameter
was changed each time to analyse the effect of structural
parameters on the longitudinal-torsional frequency of the
consolidation vibration system.

.e length L1 of the small end cylinder of the compound
horn is 54–66mm, and the effect on the frequency of the
consolidation vibration system is shown in Figure 8. It can
be seen that the frequency of the consolidation vibration
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Figure 6: .e effect of the number of spiral grooves on frequency of the compound horn.
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Figure 7: Modal analysis of the longitudinal-torsional compound vibration system with flange.
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system decreases with the increase of the length of the small
end cylinder; that is to say, the length of the small end
cylinder is inversely proportional to the frequency of the
consolidation vibration system.When the length of the small
end cylinder of the compound horn is about 63mm, it is
close to the design frequency of 20 kHz.

.e diameter D1 of the small end cylinder of the
compound horn is 9–15mm, and the effect on the frequency
of the consolidation vibration system is shown in Figure 9. It
can be seen that the frequency of the consolidation vibration
system increases first and then decreases with the increase of
the diameter of the small end cylinder.When the diameter of
the small end cylinder of the compound horn is 13–14mm, it
is close to the design frequency of 20 kHz.

.e length L2 of the big end conical part of the com-
pound horn is 44–56mm, and the effect on the frequency of
the consolidation vibration system is shown in Figure 10. It
can be seen that the frequency of the consolidation vibration
system decreases with the increase of the length of the big
end conical part; that is, the length of the big end conical part
is inversely proportional to the frequency of the consoli-
dation vibration system. When the length of the big end
conical part of the compound horn is about 53mm, it is close
to the design frequency of 20 kHz.

.e inner diameter D2 of the big end conical part of the
compound horn is 27–33mm, and the effect on the fre-
quency of the consolidation vibration system is shown in
Figure 11. It can be seen that the frequency of the consol-
idation vibration system decreases with the increase of the
inner diameter of the big end conical part; that is to say, the
inner diameter of the big end conical part is inversely
proportional to the frequency of the consolidation vibration
system. When the inner diameter of the big end conical part
of the compound horn is about 31mm, it is close to the
design frequency of 20 kHz.

.e sector angle β of the big end conical part of the
compound horn is 30–60°, and the effect on the frequency of
the consolidation vibration system is shown in Figure 12. It
can be seen that the frequency of consolidation vibration
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Figure 8: .e effect of the length L1 of the small end cylinder of the
compound horn on vibration frequency.
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Figure 9: .e effect of the diameter D1 of the small end cylinder of
the compound horn on vibration frequency.
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system first decreases with the increase of the sector angle of
the big end conical part, and when the sector angle is greater
than 50°, the frequency of the consolidation vibration system
increases.

.rough the effect of structural parameters of the
compound horn on vibration frequency, it can be seen that
the change of the length L1 of the small end cylinder, the
length L2 of the big end conical part, the diameter D1 of the
small end cylinder, the inner diameter D2, and the sector
angle β of the big end conical part will affect vibration
frequency, and the design size of the compound horn can be
obtained from the analysis. Furthermore, the modal analysis
can be carried out by establishing four factors and four levels
orthogonal parameters to judge the effect of each parameter
on the vibration frequency.

3.4. Optimization of Structural Parameters of the Compound
Horn. Based on Design Exploration in ANSYS, structural
parameters of the compound horn are optimized by re-
sponse surface optimization. Design variables P1, P2, P3, and
P4 are the diameter D1 and the length L1 of the small end
cylinder, the inner diameter D2, and sector angle β of the big
end conical part; the variation range of design variables is
±10%; and the design variable P5 is the longitudinal-tor-
sional frequency of the consolidation vibration system,
which is the optimization objective. .e mathematical
model is shown in the following equation:

fi(χ) � f x1 + x2 + · · · · · · xn( 

gi(χ) � gi x1 + x2 + · · · · · · xn( (i � 1, 2 · · · · · · n)

hi(χ) � hi x1 + x2 + · · · · · · xn( (i � 1, 2 · · · · · · n)

⎧⎪⎪⎨

⎪⎪⎩
(9)

where χ is the design variable and the value is taken
according to the actual situation, fi(χ) is the objective
function, gi(χ) is the constraint function, and hi(χ) is the
structural response function.

.rough optimization analysis, the effects of P1, P2, P3,
and P4 on the sensitivity of longitudinal-torsional frequency
of the consolidation vibration system are obtained. .e

simulation results show that the length L1 (P2) of the small
end cylinder and the inner diameter D2 (P3) of the big end
conical part have an effect on the longitudinal-torsional
frequency of the consolidation vibration system, which are
important parameters to be considered in the optimization
process.

.e data in the early stage and optimization data of
longitudinal-torsional frequency of the consolidation vi-
bration system in the after stage are shown in Table 2. It can
be seen that the optimization percentages of three groups of
data are 1.8%, 1%, and 2%, respectively, which are less than
5% and meet the optimization requirements. Initial and
correction values for design variables P1, P2, P3, and P4 are
obtained.

After optimization, the amplitudes of X, Y, and Z di-
rections at the end of longitudinal-torsional compound
consolidation vibration system are 9.55 μm, 9.44 μm, and
18.9 μm, respectively. .e amplitudes before and after op-
timization are shown in Table 3. It can be seen that the
optimization percentages of amplitudes in X, Y, and Z di-
rections are 2.6%, 2.4%, and 0.5%.

3.5. Be Relationship between the Structure of Spiral Groove
and the Amplitude of Torsional Vibration. .e structure of
spiral groove is most key factor to torsional vibration of
compound horn. .e displacement in modal analysis is not
an absolute value. Torsional-longitudinal ratio i can be used
to measure the ratio between the longitudinal and torsional
vibration component. Using the single factor variable
analysis method, the curve of torsional-longitudinal ratio i
with the sector angle β of spiral groove is shown in Figure 13;
the curve of groove width w and groove depth s is shown in
Figure 14.

It can be seen from Figure 13 that torsional-longitudinal
ratio i increases first, then decreases with the increase of
sector angle β, and reaches the peak value at about sector
angle 40°. It can be seen from Figure 14 that torsional-
longitudinal ratio i increases with the increase of groove
depth s, when groove width w increases, torsional-longi-
tudinal ratio i is basically unchanged.

4. Experiments on the Longitudinal-Torsional
Compound Piezoelectric Consolidation
Vibration System for Metal Foil

Based on theoretical calculation and optimal design, the
prototype of the longitudinal-torsional compound piezo-
electric consolidation vibration system for metal foil was
made.

4.1. Be Test Platform for Longitudinal-Torsional Compound
Consolidation Vibration System. .e amplitude test plat-
form for longitudinal-torsional compound consolidation
vibration system is shown in Figure 15. .e test platform
consists of laser vibrometer, signal generator, power am-
plifier, oscilloscope, and so forth. According to the principle
of amplitude test, the amplitude test is carried out.
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Figure 12:.e effect of the sector angle β of the big end conical part
of the compound horn on vibration frequency.
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4.2. Be Amplitude Test Analysis of Longitudinal-Torsional
Compound Consolidation Vibration System. .e amplitude
test of longitudinal-torsional compound consolidation
vibration system includes frequency-scanning and fixed-
frequency experiments. .e purpose of frequency-scan-
ning is to determine the resonance frequency of the
consolidation vibration system; the purpose of fixed-
frequency is to determine the amplitude of the consoli-
dation vibration system at a given resonance frequency.
.e three-dimensional laser vibrometer is aligned with the
end face of consolidation disk, the end-face data for
meshing is collected by the host computer, and the
meshing point is used as the test point. .e end-face
normal direction Z of consolidation disk is the longitu-
dinal vibration direction, and the other two directions X
and Y are the torsional vibration directions, which can be
easily recognized by the host computer. .e frequency-
scanning test results are shown in Figure 16. It can be seen
that the scanning range is 0–50000Hz, X and Y are the
torsional vibrations of the consolidation vibration system,
Z is the longitudinal vibration. When the frequency is near
20000 Hz, the resonance is achieved in three directions at
the same time, the resonance frequency is 19800Hz, which
is 200Hz different from the design frequency of 20000 Hz,
and the error is 1% and less than 5%. It meets the engi-
neering requirements and proves that the structural de-
sign is reasonable.

When the input frequency is 19800Hz, the longitudinal
amplitude change through the frequency-scanning test is
shown in Figure 17. It can be seen that the maximum
longitudinal amplitude of the system is 16 μm, the longi-
tudinal amplitude after optimization is 18.9 μm, and the
error is 2.9 μm. .e main reasons for the errors are as
follows. .e theoretical calculation ignores the error and is
ideal. .ere are some errors in the processing and assembly
of the prototype. .ere may be some human factors during
the test, which have some random errors.

When the input frequency is 19800Hz, the change of
torsional amplitude through the frequency-scanning test is
shown in Figure 18. It can be seen that maximum torsional
amplitudes in X and Y directions of the system are 7.9 μm
and 8.1 μm, the torsional amplitudes after optimization are
9.55 μm and 9.44 μm, and errors are 1.65 μm and 1.34 μm.

Table 2: Longitudinal-torsional vibration frequency before and after optimization.

Objective function Before optimization After optimization Optimization percentage (%)

Longitudinal-torsional vibration frequency (Hz) 20335
19943 1.93
20087 1.22
19887 2.20

Table 3: Amplitudes before and after optimization.

Before optimization (μm) After optimization (μm) Optimization percentage (%)
Z direction 18.8 18.9 0.5
X direction 9.31 9.55 2.6
Y direction 9.22 9.44 2.4
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Figure 16: Frequency-scanning results of the consolidation vibration system.

–15

–10

–5

0

5

10

15

A
m

pl
itu

de
 (µ

m
)

t (s)

0.00 2.50 × 10–4 5.00 × 10–4 7.50 × 10–4 1.00 × 10–3

Figure 17: Fixed-frequency longitudinal amplitude.

10 Shock and Vibration



4.3. Be Effect of Voltage on Amplitude in the Longitudinal-
Torsional Compound Consolidation Vibration System. .e
amplitude of longitudinal-torsional compound consolida-
tion vibration system is directly related to the input voltage;
the relationship between the output amplitude of sonotrode
and the input voltage is shown in Figure 19. It can be seen
that when the input voltage is 60–100V, the output am-
plitude is 3–25 μm. .e output amplitude increases grad-
ually with the increase of the input voltage, and there is
almost a linear change between them. When the input
voltage is 60V, the output longitudinal amplitude of
sonotrode is 5.2 μm, the torsional amplitude in the X di-
rection is 2.5 μm, and the torsional amplitude in the Y di-
rection is 2.6 μm. When the input voltage is 100V, the
output longitudinal amplitude of sonotrode is 25.2 μm, the

torsional amplitude in the X direction is 12.6 μm, and the
torsional amplitude in the Y direction is 13.3 μm. .e test
data show that the output amplitude of sonotrode meets the
consolidation requirements.

5. Conclusion

(1) During modal analysis, the longitudinal vibration
frequency of the compound piezoelectric transducer
was 19801Hz. .e vibration frequency of the
compound horn decreased with the increase in the
number of spiral grooves. .e vibration frequency of
longitudinal-torsional compound vibration system
without flange was 20576Hz and the vibration fre-
quency with flange was 20335Hz, which could meet
the engineering requirements.

(2) During harmonic response analysis, the amplitudes
of X, Y, and Z directions at the end were 9.31 μm,
9.22 μm, and 18.8 μm. After optimization, the am-
plitudes of X, Y, and Z directions at the end were
9.55 μm, 9.44 μm, and 18.9 μm, respectively, which
could meet the needs of engineering design.

(3) During the frequency-scanning and fixed-frequency
test, the resonance frequency was 19800Hz, the
maximum longitudinal amplitude was 16 μm, and
the maximum torsional amplitudes in X and Y di-
rections were 7.9 μm and 8.1 μm. When the input
voltage was 60–100V, the output amplitude of
sonotrode was 3–25 μm. Relevant consolidation tests
for metal foil will be carried out subsequently.

Data Availability
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in this article.
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