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Abstract — This paper provides a fundamental study into the
trade-offs between the location of piezoceramic elements, resonant
frequency, and achievable ultrasonic vibration amplitude at the
working end of the Bolted Langevin-style Transducers (BLT) for
Ultrasonically Assisted Machining (UAM) applications. Analytical
models and Finite Element (FE) models are established for theoretical
study, which are then validated by experiments on four real
electro-mechanical transducers. Results suggest that resonant
frequency and oscillation amplitude of the BLTs depend essentially on
the dimensions of the system and the location of piezoceramic
elements. The highest resonant frequency and the maximal vibration
are achieved when the piezoceramic elements are at the longitudinal
displacement node, where the highest effective electro-mechanical
coupling coefficient value is exhibited. However, the minimal
resonant frequency and the lowest vibration, which is almost equal to
zero, are observed when the piezoceramic elements are located at the
displacement anti-node. In addition, the longitudinal displacement
node locations are dependent on the resonant frequency of the devices
rather than the locations of the piezoceramic elements.

Index Terms—BLT transducer, EMA, FE, impedance, UAM

I. INTRODUCTION

ULTRASONICALLY assisted machining (UAM) is
implemented by superimposing a micro-scale high
frequency vibration to the relative motion of a cutting tool tip to
make the tool-workpiece interaction a discontinuous process
[1], [2], [3]. Compared with the conventional machining
process, UAM technology introduces benefits such as great
reductions in machine-tool cutting force, torque, temperature,
burr formation, improvement on the surface finish integrity and
enhancement on the ability of machining difficult-to-cut
materials [4]. Efficiency of the UAM process is mainly
determined by the amplitude of the oscillations at the working
end. Therefore, resonance regime needs to be implemented to
ensure a maximal vibration amplitude is always maintained [5].

The UAM processes are normally facilitated with a
Langevin-style ultrasonic transducer as the vibration generator,
which consists of vibration exciters and rod wave conductors,
transmitting the developed ultrasonic vibration to the tool.
Piezoelectric vibration exciters are widely used in these
transducers due to the advantages of small size and high
mechanical quality, which generates less heat. However, one of
the drawbacks of the piezoceramic material is the brittleness,
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which severely restrains the maximum capacity. In addition,
piezoceramic exciters need a sufficient pre-stress to avoid the
transducer parts becoming loose, and the resultant preliminary
static stresses and strains will create limitations on the force and
strains at high excitation levels.

The traditional way to configure a Langevin-style transducer
is to locate the piezoceramic exciters at the longitudinal
displacement node so that the piezoceramic elements efficiency
can be maximised [6], [7]. However, this configuration is
impractical for transducer’s fixture purpose during machining.
This is because in most cases a flange needs to be introduced at
the displacement node so that the transducer can be clamped in
the chuck to minimise the vibration loss, which means the
piezoceramic elements will have to be moved from the node.

As reported in [5], location of the piezoceramic exciters in
the waveguide significantly affects the resonant frequency and
oscillation amplitude, to investigate this, an analytical model is
established with piezoceramic exciters at different positions of
the waveguide to study the influence. FE models are also
created, and several electro-mechanical transducers are
manufactured to validate the theoretical results.

II. ANALYTICAL MODEL
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Fig. 1 Step rod system with a pair of piezoelectric exciters

Considering a step rod system which consists of two sections
presented in Fig. 1: waveguide 1, which has a step shape to
increase the vibration amplitude at the working end, with a
length 1, for the thicker section and a length 1,, for the thinner
section, constituting an overall length 1;; waveguide 2, with a
length 1, . These two waveguides sandwich a stack of
piezoceramic elements 3 rigidly. 1 =1; +1, =1;; + 1, + 1, is
the total length of the system. The thickness of the piezoelectric
element is neglected.

An alternating voltage v(t) = Ve/®t with a magnitude V and
an angular frequency w is applied to the piezoceramic
elements, where j = V—1. Due to the piezoelectric effect, the
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piezoceramic elements will deform and interact with the rods
which then causes the vibrations to propagate. At steady-state
harmonic oscillation conditions, the relations between the
electrical and mechanical oscillations of the piezoceramic
elements are defined as [8], [9]:

FO = Kao +q)q
V= dag + ¢ M

Where Fy, ay, q are the complex amplitudes of the forces,
deformation (strain amplitude) and charge generated by the
piezoceramic elements; K is the stiffness of the piezoceramic
elements with a short-closed circuit; C is the capacity of
piezoceramic elements without deformation; @ is Mason’s
piezoelectric constant.

A. Dynamic equations

To describe the vibrations of the step rod system in Fig. 1,
the system is dissected at the components interfaces. The force
acting on the adjacent subsystems are equal in magnitude but
opposite in direction:

- @
The oscillation at the cross section x for rod i, (i = 1,2) can
be defined as:
U (1) = ajel" (3)
Where aj, is the complex amplitude, and a;,, a;; and a,; of
rod 1 and rod 2 are of interest, which can be defined as:
A0 = F31L(010)
a = l:3111(011)
Az = Fsngl2 )

2
dzo = F32Lgo)

“

Where Fj; are the complex amplitudes of the forces

presented in (2), L(S? = L(Siz (jw) is the dynamic compliance
[10], which describes the complex amplitudes of oscillations of
section r of therod i (i = 1, 2) with the force acting in section s
of the rod.

Using equation (4), the deformation of the package of the
piezoceramic elements can be derived as:

1 2
Nag = a0 —3a21 = F31L(00) - F32L§1) (5)
Where n is the number of piezoceramic elements.

From equation (1), the relation between the generated force
and vibration of the piezoceramic elements is:

FO = ®dCV + Klao (6)

Where K; = K— C®? is the stiffness of the piezoceramic
elements with an open circuit.

Taking the mass of the piezoceramic elements mjz =
nm (m is the mass of one piezoelement) into account, at
steady-state oscillations:

F13 + F23 = _m3a3(1)2 (7)
Fi3 — Fp3 = 2F,

Where a; = (a;g + a5)/2 is the complex amplitude of the
oscillations at the center of the package of the piezoceramic
elements.

From equations (1) and (4) to (7), the expressions of the
strain amplitude of the piezoceramic elements and the force
developed are:
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Combining equation (1) and (6) to (8), the charge generated
on the piezoceramic elements is:

Ko, @ @, @ 4K ;@
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The excitation force amplitudes for the rods are:
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When using the above equations for the step rods in Fig. 1, it
is important to observe that rod 1 consists of a step geometry, so
the dynamic compliance is:
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Where the top index (11) and (12) denote the 1% and 2™ step
of rod 1. Dynamic compliance expressions can be found in [2]:
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Where i = 1,2, representing the number of the 1% and 2™
step in rod 1; &§;; = wly;/c; &, = wl,/c; ¢ = \/]% is the speed
of sound in the rod material. E, p and { are the Young’s
modulus, density and scattering coefficient of the rod material.
Wi =W, = S\/E_, Wiy = 512\/E_p are the wave resistance of
the 1% step of rod 1 and rod 2, and 2" step of rod 1, respectively.
S and S;, are the cross-sectional areas of the rod’s thicker and
thinner sections.



B. Dynamic characteristics

The relations of equation (1) to (12) allow us to study the
dynamic behavior of the step rod system. § =& + &, =& +
&2 + & = wl/cis a dimensionless frequency. Assuming the
length of the thinner step of rod 1 is l;, =1/4, and the
piezoelectric elements are located within the thicker section of
the rod length 1;; +1, . A dimensionless parameter A =
1,/(, +1;1) is introduced to determine the location of the
piezoceramic elements.

The piezoceramic elements’ material is PZT-4 Navy type |
and the properties are presented in Table I [11]. There are two
piezoceramic elements in parallel in the step rod system. The
rod material is Aluminium 6082 alloy, with a density p =
2710 kg/m3, Young’s modulus E = 71 GPa, and scattering
coefficient ¢ = 0.0375. The dimensions of the step rod system
are that the thicker section diameter is 50 mm and the thinner
section diameter is 30 mm . l;, = 60 mm and 1, +1;; =
180 mm. The applied voltage amplitude to the piezoceramic
elementsis 1 V.

TABLEI

PZT-4 NAVY TYPE I PIEZOCERAMIC MATERIAL PROPERTIES
Outer diameter [mm] 50
Inner diameter [mm] 19
Thickness [mm] 6
Density p [kg/m?] 7600
Poisson ratio 0.31
Relative permittivity €1, 1470
Relative permittivity 35 1470
Relative permittivity €35 731
Permittivity of free space g, [F/m] 8.85 x 10712
Piezoelectric charge coefficient d3; [C/N] —-1.32x 10710
Piezoelectric charge coefficient d3; [C/N] 3.15%x 10710
Piezoelectric charge coefficient d;5 [C/N] 5.11x 10710
Elastic compliance coefficient SE;, [m?/N] 1.27 x 10711
Elastic compliance coefficient SE; [m? /N] 1.56 x 10711
Mechanical quality factor Q 600
Mason’s constant ® [N/C] 3.45 x 10°
Stiffness K [N/m] 2.1x10%°
Capacitance C [F] 4.23x107°

Driven at the 2" longitudinal mode, the resonant frequency
and the working end vibration amplitude as a function of A are
presented in Fig. 2. BS, NP, FS and AN refer to piezoceramic
elements located at longitudinal displacement Back Section,
Nodal Point, Front Section, and Anti-Node. The maximum
resonant frequency value is observed when A = 0.33 ,
corresponding to the piezoceramic elements located roughly at
the quarter length of the rod system counting from the left-hand
side in Fig. 1, where the displacement node position is. The
resonant frequency drops as the piezoceramic elements deviate
away from the node. The minimum resonant frequency value is
exhibited when A = 0.67, meaning that the piezoceramic
elements are at around the geometrical centre of the step rod
system, where the displacement anti-node is.

For the mechanical and electrical characteristics of the step
rod system, the working end oscillation amplitude and the
developed current reach to the maximal values when the
piezoceramic elements are at the displacement node, in other
words, the electrical resonance and mechanical resonance
coincide. However, an extremely low current level when the

piezoceramic elements are at displacement anti-node results in
a low energy transfer therefore hardly any mechanical vibration
developed at the transducer’s working end.
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Fig. 2 Resonant frequency, vibration amplitude and electrical
current dependence on parameter A
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Fig. 3 Amplitude-frequency characteristics of the step rod
system working end of different transducer configurations



Fig. 3 presents the amplitude-frequency characteristics of the
step rod system’s working end oscillations, excited at the 2
longitudinal mode with a 1 V applied voltage, when the
piezoceramic elements located at BS, FS, NP and AN
respectively.

Results show that the maximal amplitude occurs when the
piezoceramic elements are at the displacement node, and then
the amplitude drops when the piezoceramic elements shift
away from the node. The minimal amplitude, which is close to
zero, appears if piezoelectric elements are at the anti-node.
Another observation is the high mechanical quality of the NP
system, which will present the highest efficiency in preserving
mechanical energy. However, the high quality can impede
practical implementation of the resonant modes due to high
sensitivity of the regimes to small changes in system
parameters and excitation, which is likely to incur the ‘jump’
phenomenon that has been discovered by a number of
experiments in [12].

III. LANGEVIN TRANSDUCER

Back mass Electrode Front mass

Pre-stress bolt Piezoceramic ring Working end

Fig. 4 Exploded view of a step shape BLT transducer

The ultrasonic transducers used in this research are standard
Bolted Langevin-style Transducers (BLT), which are employed
to represent the step rod system in Fig. 1. This type of
transducer consists of a stack of piezoceramic elements
sandwiched between a back mass and a front mass, presented in
Fig. 4. In this case, the piezoceramic elements are located at the
displacement node and the full wavelength step shape
ultrasonic transducer is operated at its 2™ longitudinal mode at
around 20 kHz.

The front mass and back mass material is Aluminum 6082
alloy. The electrode is made from copper, and the torque bolt,
which is used to pre-stress the transducer components, is made
of tool steel. The material properties are presented in Table II.

TABLEII
ULTRASONIC TRANSDUCER’S MATERIAL PROPERTIES
Material Aluminium Tool Steel Copper
Density [kg/m3] 2710 7860 8900
Young’s modulus [GPa] 71 203 110
Poisson’s ratio 0.33 0.285 0.37

The fabricated BLT transducers with piezoceramic elements
at different locations are illustrated in Fig. 5.

During transducers fabrication process, the components were
pre-stressed by a bolt to compensate the low tensile strength of
the piezoceramic rings, therefore avoiding transducer’s failure
during high power applications [13].

The length of the transducers is around 250 mm, which
roughly equals the full wavelength of ultrasound when the

devices are operated at the 2" longitudinal modes at around 20
kHz. The working end diameter of the transducers is 30 mm,
recessing from a 50 mm diameter piezoceramic exciters with a
step shape. The theoretical vibration amplification gain of the
ultrasonic vibration is calculated as 2.78 [2].
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Fig. 5 BLT transducers with piezoceramic elements at BS, NP,
FS, AN (top to bottom)

IV. DYNAMIC CHARACTERISATION

A. FEigen-frequencies and eigen-modes

To characterise the ultrasonic transducers’ modal responses,
experimental modal analysis (EMA) was conducted. EMA is a
data acquisition and visualisation process, which employs the
experimentally-obtained frequency response functions (FRF)
to capture the modal parameters (modal frequency, modal
damping, and mode shape) [14]. To excite the transducers, a
forced excitation is used with a flat power spectrum across the
frequency band of interest [15], which is set as 0 kHz to 50 kHz,
to capture the dynamic behaviors at around 20 kHz.

The excitation signal is generated by a generator (Data
Physics Quattro) and then amplified by a power amplifier (QSC
RMX 4050HD), before being supplied to the ultrasonic
transducers. A 3-D laser vibrometer (Polytec CLV-3000) is
used to capture the vibrational velocities at a number of grid
points on the transducers surface. Data acquisition and
processing software (SignalCalc, Data Physics) are adopted to
calculate the FRFs from the input and output signals of the
transducers and to apply curve-fitting routines to extract the
modal frequencies, magnitudes and phase data. The velocity
data on ultrasonic transducers surface points are then exported
to the modal analysis software (ME’scopeVES, Vibrant
Technology Inc), to extract the eigen-modes.

To compare with the predicted vibration mode shapes in the
FE models, experimentally extracted mode shapes of the
ultrasonic transducers operated at the 2" longitudinal modes at
around 20 kHz are presented in Fig. 6.
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Fig. 6 FE vs EMA of the normalised 2" longitudinal modes of
the transducers

All transducers show two displacement nodes, one of which
is located at the step interface, and the other remains at
approximately the quarter length of the transducers from the
back mass face. This indicates that the locations of the
displacement node and anti-node are related to the operating
frequency of the device, rather than the position of the
piezoceramic elements.

TABLE 11
TRANSDUCER’S RESONANT FREQUENCIES - FE VS EMA
Configuration BS NP FS AN
FE [Hz] 19081 19183 18893 18611
EMA [Hz] 19617 19855 19671 19083
Error 2.8% 3.5% 4.1% 2.5%

Resonant frequencies of the transducers are presented in
Table III. The good correlation in terms of the mode shapes and
resonant frequencies between the FE and EMA results suggest
that these models can capture the vibrational behaviour of the
transducers.

B. Impedance

In addition to the analysis of the mechanical behaviour, the
electrical characteristics are also studied.

In FE models, the impedance is extracted by calculating the
derivative of the charge generated at piezoceramic elements
surfaces and then dividing by the applied voltage. During
experiments, the impedance curves of the transducers were
measured with an impedance analyser (Agilent 4294A).

The predicted electrical impedances and phase in FE and
experimental measurements are presented in Fig. 7 and Fig. 8.

From Fig. 7, the predicted impedance-frequency curves in
FE models (in blue) present a similarity to the measured
characteristics (in red), although the variations in resonant

—FEA | —FEA|
4 —IA —IA
8, 3l P e —
(@5 10 () § 10
o el
g g 02
E10 f= 19570Hz E f=19750Hz
z( égo:;(b)—(z £=730:0 z' :1(2352 2=89.800
18.5 195 20 205 185 19 195 20 205
Frequency [Hz] Frequency [Hz]
=yl 2500 ——
—IA o
z 10° | & 2000 —iA
= /L T
e f=19030H
{C)E 10° (d)§ 1500 z=171aoZ
8 2 E S T
E 10% (. 188031z f=19610Hz 1000 f=18611Hz
Z=107Q Z=79.020 Z=1148Q
185 19 195 20 205 18 19 20

Frequency [Hz] Frequency [Hz]

Fig. 7 Impedance of the transducers with piezoceramic rings
are at: (a) BS, (b) NP, (¢) FS, (d) AN

frequency and impedance value. Compared with the BS, NP
and FS transducers responses, the AN transducer presents a
peculiar response, in terms of extremely high impedance levels,
indistinctive resonance and anti-resonance.
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Fig. 8 Phase of the transducers with piezoceramic rings are at:
(a) BS, (b) NP, (c) FS, (d) AN

From the phase-frequency curves shown in Fig. 8, the
predicted results in FE models (in blue) resemble the measured
phase (in red), with respect to the ‘bell shape’ and the phase
values for the BS, NP and FS transducers. However, the AN
transducer demonstrates an extremely small change in the
phase across the resonant frequency, whose value remains at
around -90°. This means that the AN transducer will present a
purely capacitive characteristic at the 2™ longitudinal mode,
which will result in an almost zero-energy transfer.

The peculiar responses of the AN transducer impedance and
phase is due to the low stress and strain when the piezoceramic
elements are located at the anti-node, which in turn, generates a
low force from the piezoceramic elements, causing the device
to have a low vibration.

In addition, the BLT devices are normally comprised of
multiple half-wavelength resonators, therefore if dissecting the
AN transducer in Fig. 6 at the anti-node, the half-wavelength
resonator of the AN transducer will locate the piezoceramic



elements at one end of the metal mass, causing an asymmetric
structure distribution and resulting in a high acoustic
impedance. As a comparison, the half-wavelength resonator of
the NP transducer will locate the piezoceramic elements at the
centre of the metal mass, and result in an acoustic balance.

To evaluate the energy conversion rate from the electrical
source to mechanical vibration, coupling coefficients of the
transducers are calculated from FE models and experiments,
based on [16]:

212

2 ®)

Ketr =

Where f,, is the anti-resonant frequency and f;. is the resonant
frequency. Results of the coefficients are presented in Table I'V.

TABLE IV

TRANSDUCER’S ELECTROMECHANICAL COUPLING COEFFICIENTS
FE prediction BS NP FS AN
f. [Hz] 19081 19183 18893 18611
f, [Hz] 19240 19394 19007 18621
Ze min [Q] 68.39 54.02 107 1148
Ze max [£2] 5961 8520 5954 1177
Kesr 0.1283 0.1471 0.1094 0.0328
Phase -9.5° -18.2° -17.5° - 89.4°
Measurements BS NP FS AN
f. [Hz] 19570 19750 19610 19030
f, [Hz] 19780 20020 19790 19040
Ze min [Q] 73.02 89.80 79.02 1718
Ze max [Q] 35890 25880 36640 1845
Kefr 0.1453 0.1637 0.1346 0.0324
Phase - 14.8° -4.5° -25.0° - 87.5°

The NP transducer presents the highest coefficient values,
which suggests that this transducer will exhibit the highest
energy conversion rate. As the piezoceramic elements move
away from the node, the value slightly drops. The coefficient
value reaches nearly to zero when the piezoceramic elements
are at the anti-node, which indicates a zero-energy transfer into
mechanical vibration.

C. Dynamic vibration response

In order to study the dynamic response of the ultrasonic
transducers at escalated power levels, harmonic excitation
experiments were performed.

Frequency sweeps are used to drive the transducers with a
range centring the transducers 2" longitudinal resonant
frequencies. A burst sinusoidal signal is generated from a signal
generator (Agilent 33210A Function/Arbitrary Waveform
Generator, 10 MHz), which is then boosted by a power
amplifier unit (HFVA-62), before being supplied to excite the
transducers. The developed vibration signals are captured with
a 1-D laser doppler vibrometer (OFV-303 Polytec) at the
working end of the transducers. The electrical information,
such as applied voltage and developed current are extracted
from the power amplifier’s output. These signals are monitored
and recorded using an oscilloscope (PicoScope 4424), and then
processed using data acquisition hardware and interface
(BNC-2110, National Instruments) in conjunction with a
LabView program, to calculate the transducer’s acoustic power,
current and phase angle.

The range of excitation voltage levels is from 1 Vs to 100
Vims, With an increment of 10 V.

1) Vibration response
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Fig. 9 Amplitude-frequency characteristics at the transducers
working end with 1 Vg input voltage: (a) FE prediction, (b)
experimental measurements

The amplitude-frequency curves at the transducers working
end with a 1 Vi applied voltage are presented in Fig. 9.

Both the FE predicted results and the experimental
measurements show that the NP transducer demonstrates a
higher resonant frequency value, and as the piezoceramic
elements deviate away from the node, resonant frequency
decreases, which is consistent to the conclusions in [7], and
most importantly, matches to the results of the analytical
models in Fig. 3.

In terms of the vibration, the NP transducer develops the
maximal vibration amplitude. The AN transducer, however,
develops an extremely low level of vibration. BS and FS
transducers show lower amplitudes than NP transducer, but
significantly higher than that of the AN transducer. These
observations are consistent with the analytical results in Fig. 3.
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Fig. 10  Vibration amplitude vs applied voltage: (a) BS, NP
and FS transducers, (b) AN transducer

The vibration amplitude of the transducers excited at a
voltage from 1 Vi to 100 Vi are presented in Fig. 10.

The amplitude increases to around 12 pm zero-to-peak as the
applied voltage increase to 100 Vs for the BS, FS and NP
transducers. However, the response of AN transducer
demonstrates an extremely low level, with a maximal
amplitude of 0.8 pm zero-to-peak at a 100 Vs voltage. These
results are consistent with the trend in Fig. 3 and Fig. 9.



2) FElectrical current and acoustic power

In addition to the mechanical vibration response of the
transducers excited at escalated power levels, electrical current
and power consumption are also studied.
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Fig. 11  Electrical current and power vs applied voltage

Incorporating the phase angles between the applied voltage
and developed current in the piezoceramic elements, the active
power can be calculated. Results of the electrical current and
power are presented in Fig. 11.

For the BS, NP and FS transducers, current and power show
a comparable level, with maximal values around 0.75 A and 38
W at a 100 Vs applied voltage. Even if excited at the highest
voltage level, however, the AN transducer can hardly develop
any current and power, with values of no more than 0.12 A and
0.4 W. This is due to the extremely high impedance values and
an almost -90° phase angle presented in Fig. 7 and Fig. 8,
which leads to a poor mechanical behaviour for this type of
transducer.

3) Waveform

To explore the structural vibration response of the
transducers excited at the 2" longitudinal mode, waveforms are
extracted from FE models and experiments. The excitation
voltage to piezoceramic rings is 1 Vims. Results are shown in
Fig. 12.

Despite the difference in the predicted amplitude in the FE
models and the recorded amplitude in experiments, both sets of
results demonstrate that the nodes locations are at roughly at a
60 mm away from both ends of the transducers, in other words,
at a quarter wavelength of end faces of the devices, which is
consistent with the observations in Fig. 6.

The vibration amplitude of the AN transducer show a
significant lower level compared to the other three
configurations as a result of the high impedance and the -90°
phase angle at resonance.

The amplification gain values calculated from the FE models
and experiments are presented in Table V, which have a good
agreement with the theoretically calculated gain value 2.78.

TABLE V
VIBRATION AMPLIFICATION GAIN VALUES THEORY VS EXPERIMENT
Configuration FE Experiment
BS 2.89 2.66
NP 2.88 2.79
FS 2.90 2.73
AN 2.96 2.85

FE Experiment
0.1 R H 1 e By | I
0 > 0 i ) 7]
0.1 5" L 3
. 0.05
-0.2 ) 3
-0.3 o -0.1 g
-0.4 1 e
-0.15 =
0 50 100 150 200 250 0 50 100 150 200 250
0.1 e S o s 0.05 e, Step
o Lo rngs . o he| 2
0 0 < o
0l L 3
r -0.05
E -0.2 . 1 §
o -03 -0.1 Wi €
° ! a
2 04 045 s
g 0 50 100 150 200 250 0 50 100 150 200 250
©
¥ G pom— w005 —
c - e Rings, . o, Rings
S o .~ o ~ *
g 0.1 s P 5
g o2 ‘ -0.05 5
-0.3 "t 01 3
0.4 ?
-0.15 .
0 50 100 150 200 250 0 50 100 150 200 250
0.01 =
sl 0.002 P, [ Swp
g Rings| 0 ~ oy Rings ;
o 2 -0.002 pe" =
""" . -0.004 %
-0.01 -‘ -0.006 %
"+ -0.008 8
-0.0 S

2 -0.01
0 50 100 150 200 250 0 50 100 150 200 250
Transducer Length [mm]

Fig. 12 Transducers waveforms driven at the 2" longitudinal
mode with a 1 Vi applied voltage

V. CONCLUSION

This paper presents the scientific findings of the trade-offs
between the locations of the piezoceramic elements, resonant
frequency, and achievable ultrasonic vibration amplitude at the
BLT transducers’ working end.

Results show that the resonant frequency and vibration
amplitude of the BLTs depend essentially on the location of the
piezoceramic elements. The highest resonant frequency and the
maximal vibration amplitude are achieved when piezoceramic
elements are at the displacement node for the analytical models,
FE models and real electro-mechanical transducers. The
minimal vibration is observed for the AN transducer which
almost equals zero, even if driven at a high excitation level.

Location of the displacement nodes is determined by the
resonant frequency and operating mode of the BLTs, which
remains a constant despite the change of the location of
piezoceramic elements.

For machining applications, a proper design of a BLT
transducer must avoid locating the piezoceramic elements at
the displacement anti-node. To achieve the highest vibration
amplitude at the tool tip whilst ensures the stress level to stay
below the material yield strength, the position of piezoceramic
elements needs to be carefully adjusted.
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