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wideband characteristics by optimising the head mass radius. The devised transducer

structure effectively incorporates two vibration modes: longitudinal and flapping, with the most KEYWORDS

simplistic head mass structure to maximise the fractional bandwidth (FBW) significantly. Tonpilz transducer

Further optimisation ensures a maximum bandwidth without compromising the transmitting Finite element analysis

voltage response. The variation of head mass structure and its impact on the transducer's Underwater acoustics

overall performance was investigated using finite element analysis and experimental analysis. Wide head mass

The optimised head mass radius was determined to be 85 mm, resulting in a highest FBW of
91.6% and a TVRpeak0f 146.96 dB re 1mPa/V. Furthermore, the fabricated model with a head
mass radius of 85 mm also exhibited a resonance frequency of 12.6 kHz, demonstrating good
agreement between the finite element simulation and the fabricated prototype. Thus, the
experimental validation by developing a prototype transducer ensures the efficacy of proposed
structural design improvements.

1. INTRODUCTION

A Tonpilz transducer is highly favoured in sonar applications due to its affordability, ease of use, and well-established
efficiency [1]. It converts energy from one form to another, transmitting sound waves as a projector and receiving them
as hydrophones. Its compact structure allows it to emit high-power acoustic waves [2]. However, a traditional Tonpilz
transducer, usually narrowband, typically operates around its resonant frequency in the longitudinal mode [3]. This often
fails to meet the requirements for a wide frequency bandwidth, as it relies solely on this resonance mode. To address this
limitation, numerous research efforts have focused on enhancing the frequency range of transducers, including integrating
the longitudinal mode with other vibrational modes to develop multimodal transducers [4]. Coates et al. [5] proposed
integrating multiple excitation segments with varying resonant frequencies into a single Tonpilz transducer to combine
two resonant modes. They also emphasised the challenges of designing acoustic transducers to attain high bandwidth.
Butler et al. [6] implemented a system that employed several electrical signals on the Tonpilz transducer's drive section
to broaden the frequency range, building upon the concept of multi-resonant transducers. Furthermore, Butler et al. [7]
proposed a transducer design capable of processing complex broadband sonar signals in another study. This design
employs aluminium or composite polymer material sandwiched between a radiating piston (head mass), central mass, and
a piezoelectric stack, resulting in a double resonant, three-degree-of-freedom system. However, this design is based solely
on the longitudinal mode. Kurt et al. [8] conducted a recent study exploring various design approaches for analysing the
Tonpilz transducer but only examined the longitudinal mode. Moreover, Bai et al. [9] developed a longitudinal vibration
transducer with a low resonant frequency by engraving helical slots on the surface of the front mass (hollow cylinder).
The resonant frequency was calculated using the frequency equations derived from the transducer's circuit, but this work
focused exclusively on the longitudinal mode, neglecting the effect of the flapping mode. Wei et al. [10] proposed a
single-mode Terfenol-D Tonpilz transducer that utilises Terfenol-D as the driving material. The drive section of the
transducer comprises four Terfenol-D rods, each wound with 1,300 turns of AC drive wire to excite the rods. The proposed
transducer operates at a resonant frequency of 1 kHz. Similarly, Villalobos et al. [11] proposed a single-mode Tonpilz
transducer for active SONAR transmission applications. The authors used the transducer as a projector and a calibrated
hydrophone to detect the cavitation effect in the Tonpilz transducer. A switch-mode power amplifier was used to excite
the transducer, which operates at 11.6 kHz.

Hu et al. [12] presented a low-frequency dual-mode flextensional transducer designed for broadband transmission
signals. The broadband signals were obtained by coupling the radial vibration of Lead Zirconate Titanate (PZT), a
commonly used piezoelectric ceramic material, with the flexural vibration of metal shells, resulting in an operational
bandwidth of 1.5—4 kHz. Similarly, Zheng et al. [13] proposed a Class VII flextensional transducer using third-generation
crystal as the driving material. Due to its outstanding electromechanical and piezoelectric properties, third-generation
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crystal (i.e., manganese) is preferred for its higher electro-acoustic conversion efficiency. From the results, the proposed
transducer achieved a bandwidth of 2.3 kHz. Additionally, Liu et al. [14] proposed a superposition multimode transducer
that combines a spring ring and a fluid cavity inside the transducer. The structure of the transducer was enhanced and
developed based on simulation results, and its transmitting voltage response (TVR) and acoustic response were also
investigated. However, the bandwidth of this transducer was limited to 2.75 kHz. On the contrary, the present study does
not rely on any complex geometric changes, expensive material inclusions, or difficult-to-incorporate electrical signal
manipulation, and it addresses the bandwidth limitation issue in a more simplistic manner. Developing a multimode
Tonpilz transducer poses the primary challenge of creating simultaneous vibrations of the head mass in two distinct modes
[15, 16]. Achieving optimal bandwidth in a transducer requires maintaining a significant frequency gap between its two
vibration modes. However, this advantage can be offset by an unacceptable level of fluctuation within the TVR spectrum
[17]. Modifying a particular drive phase's longitudinal mode resonant frequency is a significant task. In contrast, the
frequency of the flapping mode is highly sensitive to the thickness of the head mass, considering adjustments towards or
away from the frequency of the longitudinal mode [18]. Achieving a broader bandwidth necessitates a higher frequency
flapping mode, frequently executed with an accelerated head mass thickness [19]. However, this can inadvertently
improve the transducer's efficiency due to the proportional relationship between the quality factor and the burden of the
top mass.

This study focuses on developing a multimode Tonpilz transducer to enhance wideband characteristics. The novelty
of the proposed Tonpilz transducer lies in effectively incorporating two modes of vibration (longitudinal and flapping
modes) by structural variations and optimising the side acoustic window length along with the head mass of the transducer.
These structural enhancements aim to maximise the fractional bandwidth (FBW), ensuring superior performance.
Additionally, the transducer is compact, making it suitable for integration into transducer arrays. The initial design of a
prototype featuring a multimode transducer structure was finalised using finite element analysis (FEA). Various
parameters were modified, including the thickness of the head and tail masses, their respective radii, the number of
ceramic discs, and the thickness of the head mass cap. Subsequent optimisation efforts focused on maximising bandwidth
while ensuring the desired level of TVR within a specific frequency range. Finally, a prototype of the refined model was
constructed and examined to validate its overall performance.

2. MATERIALS AND METHODS

Employing the commercially available software package ANSYS 2021 RI, this section depicts a multimode
transducer's initial 2-D finite element model, as shown in Figure 1(a). The initial transducer configuration comprises a
head mass, drive section, decoupler, tail mass, and steel bolt utilised to assemble those components. The excitation of the
transducer is achieved through a meticulously arranged stack of piezoceramic discs. These discs exhibit an antiparallel
polarisation scheme, where the poling direction of each disc is purposefully oriented in opposition to its neighbouring
element. The tail mass incorporates a partial cavity to achieve a more compact transducer design. This cavity strategically
houses the pressure section in the tail mass, successfully reducing the general length of the transducer. The transducer is
readily equipped with extra components, including an acoustic window (EPDM) and a decoupler meeting. The transducer
functions as an EPDM at the frontal surface of the top mass, serving dual purposes: the surroundings of the water medium
matched with the safety and impedance. In the housing, the tail mass prolonged collar strategically located a decoupler
meeting to isolate the transducer. While the transducer is housed inside a casing for the packaging of the underwater array,
it is excluded from the initial model of FEA for computational streamlining. This study employs a multimode transducer
design comprising multiple components. Material properties specific to each component are detailed in Table 1 [20].

Table 1. Mechanical properties of multimode Tonpilz transducer components

Component Material Poisson's Ratio  Density (kg/m*®) Young's Modulus (GPa)
Head Mass Aluminium 0.33 2,700 70

Tail Mass Brass 0.34 8,520 115

Bolt Alloy Steel 0.27 7,800 205
Decoupler Stainless Steel 0.28 7,867 202

Acoustic Window EPDM 0.35 1,360 0.740

Housing Aluminium 0.32 2,700 73

Electrode Copper Alloy 0.35 8,925 105

Bushing Acetal 0.38 1,395 3.9

Drive Section PZT4 - 7,800 -

An in-depth analysis was conducted using the FE method to explore how dimensional versions within the Tonpilz
transducer influence its overall acoustic performance. In this evaluation, harmonic analyses were performed using the FE
version to study the TVR of the transducer at the nodal role placed 295 mm from the emitting floor. The main design
variables, including the head mass thickness, 7% and tail mass thickness, 7}, head mass radius, R and tail mass radius, R,
head mass cap thickness, Tj., and the outer, R., and inner, R.; radius of PZT, were studied. Figure 1(b) illustrates the
2-D axisymmetric model of the multimode Tonpilz transducer with the corresponding nomenclature for each design
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variable. These variables are instrumental in determining the FBW. Previous research conducted by one of the authors
has underscored the significant influence of these design variables on FBW [20].
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Figure 1. (a) A 2-D FE model of multimode Tonpilz transducer and (b) an axisymmetric model showing various design
variables and their nomenclature

The parameters were kept constant after assessing their impact via FEA and considering realistic transducer fabrication
and assembly constraints. The power segment consisted of PZT discs, each with a thickness, T, of 5 mm with an R.; of
6 mm and R., of 15 mm. The length, L, and, extended collar radius, W, of the tail mass are 21 mm and 5.5 mm,
respectively. The radius of the inner, Wy and outer Wy, decoupler is 3.25 mm and 1.5 mm, respectively, with lengths of
10 mm. The overall performance metrics under investigation included the peak frequency of TVR (frriz), the height stage
of TVRop, and the bandwidth at -3 db. The frequency information was standardised for the initial model transducer
resonant frequency.
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Figure 2. Variation of 7, and R, on TVReak level and FBW
3. RESULTS AND DISCUSSION

3.1 Performance Characterization

The analysis discovered a decrease in the FBW and TVRca of the Ry. Conversely, there was an increase in the FBW
and TVRcak after examining the effect of these variations on the -3 dB FBW and peak TVR levels. Within the 22.5-35
mm thickness range, a steady increase in both FBW and TVR..k could be observed, highlighting the interaction between
these parameters. However, a sudden dip was observed in both vibration modes, and the -3 dB FBW was not analysed.
Therefore, selecting this range ensures a comprehensive understanding of interaction points and avoids regions where
response characteristics suddenly change. The peak FBW observed at approximately 85 mm R} is likely attributed to the
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significant interaction between flapping and longitudinal modes within the radius of the head mass, as shown in
Figure 2. Next, another crucial design parameter, 7;. was examined. As the 7). was varied, there was a corresponding
increase in the TVRpeak, although not notably significant. However, an increase in 7. caused a slow growth inside the
transducer's FBW. The relationship between the TVRpcak and FBW in terms of the 7. is provided in Figure 3. Then, the
effects of 7;and R, on the TVRcak and FBW were examined (see Figure 4). Increasing 7; had a minimal impact on both
TVRpeak and FBW. A higher T; is likely to reduce fpryr due to increased transducer length. Similar to 7}, increasing R,
exhibited minimal influence on the TVRcax. However, the FBW displayed a gradual increase with increasing R;.
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Figure 3. Variation of Tjc on TVReak level and FBW
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Figure 4. Variation of 7; and R, on TVRcak level and FBW

Lastly, the correlation between the inner, R.; and outer, R, radii of ceramic discs was examined (see Figure 5). The
analysis revealed that as the outer radius increased, the TVReak gradually declined. Meanwhile, the FBW associated with
the inner radius progressively increased with further increments in radius. Conversely, increasing the outer radius reduced
the FBW and a slight uptick in the TVRek. A decrease in resonant frequency was observed when testing with lower
ranges. When the radius was increased beyond this lower range, a decrease in the transducer's bandwidth was noted,
indicating that the two modes were no longer combining.
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Figure 5. Variation of R.; and R, on TVRea level and FBW

3.2 Structural Optimization

For the optimisation of a Tonpilz transducer, the head mass radius plays an important role due to its wider thickness.
Modifications to the transducer's shape were carried out using FEA to enhance the bandwidth of the structure, and the
resulting impact on the overall structure was examined. Figure 6 illustrates a comparison between the initial model and
the enhanced model, demonstrating an increase in the radius of both the head and tail mass. Initially, the 7; was 68 mm,
and the 7, was 45 mm. Subsequently, adjustments were made, reducing the R, to 45 mm and increasing the Rj to 65 mm.

e
-_— » .
- LA iy

)
Modified
Head mass

? head mass
radius sailiiis
\ ) 7 Modified
1 Drive i \ drive
1 section : | section
: ‘ 1 i
| ! i
I \
| \ I .
4 ! Collar - Modified

collar
length

length

(a) (b)

Figure 6. Comparison of (a) the initial model and (b) the enhanced model

Figure 7(a) illustrates the TVR spectrum of the initial model. At a frequency of 4.5 kHz, the peak represents the
longitudinal mode of the transducer. Additionally, a peak at 13.5 kHz indicates the presence of the flapping mode. These
peaks collectively define the operational bandwidth of the initial transducer model, with a TVRyeak 0f 144.2 dB re 1mPa/V.
Figure 7(b) shows an impedance spectrum analysis that validates the 4.5 kHz frequency peak observed in the initial model.
The FBW of the initial model was 57.6%.
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Figure 7. Initial model: (a) TVR spectrum and (b) impedance spectrum

To enhance the efficiency of the Tonpilz transducer, the entire model underwent optimisation by increasing the radius
of the head mass. The initial step involved establishing the design variables' fundamental parameters and maintaining
consistency with the initial model for simplicity. Analysing the head mass radius from 65 mm to 90 mm in 5 mm
increments revealed crucial insights. Increasing the head mass radius from 65 mm to 70 mm did not achieve a -3 dB FBW
due to misalignment between the two modes. The alignment of these modes is essential for achieving higher bandwidth.
Similarly, increasing the head mass radius from 70 mm to 80 mm showed a similar trend. However, at 85 mm, a -3 dB
FBW was successfully achieved, resulting in a bandwidth ranging from 12 kHz to 22.2 kHz. Further increasing the head
mass radius to 90 mm again did not achieve a -3 dB FBW, indicating that the optimal bandwidth was achieved at a head
mass radius of 85 mm. Figure 8 presents the TVR and spectrum of the enhanced and initial structures. The TVR is a
pivotal parameter for assessing the correlation between the sound pressure and the voltage output produced by a
transducer. In the context of concurrently evaluating longitudinal and flapping modes, the enhanced structure shows an
increase in the peak TVR from the initial model's 144.2 dB re ImPa/V to 146.96 dB re 1mPa/V, with the frequency range
extending from 4.5 kHz to 12 kHz. Analysis of the TVR plot unveils resonance peaks occurring when the system's natural
frequencies align with the applied frequencies, resulting in amplified vibration amplitudes. Additionally, the -3 dB FBW
of the enhanced design indicates that the structural frequency has been enhanced to 12 kHz, marking a significant
improvement of 4.5 kHz over the frequency of the initial model.
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Figure 8. Comparison of the TVR spectrum between the initial and enhanced models

To validate the TVR response, Figure 9 presents a plot depicting impedance as a function of frequency. This plot
illustrates both the magnitude and phase of the impedance spectrum. Specifically, the phase shows a resonant peak
occurring at 12 kHz. Correspondingly, this peak in magnitude observed within the impedance spectrum aligns with a
resonant frequency of 12 kHz. The Tonpilz transducer bandwidth significantly increased when comparing the finalised
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and initial models. There is an approximate 34% increase in the FBW of the finalised structure, which is 91.6% when
compared to the initial structure's 57.6%. The finalised model's actual bandwidth (> - f7) is 1.64f,, representing a 105%
increase above the basic model's bandwidth of 0.59f;. Table 2 summarises a comparison of acoustic performance between
the finalised and initial basic structures.
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Figure 9. Improved model's impedance spectrum

Table 2. Comparison of acoustic performance between the finalised and initial models

Performance Factor Finalised Configuration Initial Configuration
TVRpeak 146.96 144.2

Lower bandwidth edge, f; 0.97 fo 0.73 1,
Higher bandwidth edge, f> 2.61f, 1.32 1,
Bandwidth, (f>- f1) 1.64 f, 0.59 f5
Efficiency of FBW (%) 91.6 57.6

33 Fabrication

To demonstrate the effectiveness of the design, an enhanced model of a multimode wideband transducer was
manufactured. The Tonpilz transducer's construction involved using materials with specified properties outlined in
Table 1. An illustration of the transducer's components in an exploded view is presented in
Figure 10. At the top layer, the EPDM acoustic window with a thickness of 7 mm was modelled to create a surface that
radiates in a circular shape. Even though the axisymmetric shape is intended for the head mass, both cases achieved
identical acoustic traits due to the equal effective surface area as the EPDM.

Drive Section (PZT-4)

Head mass

///////

iy

\/

Tail mass

Bushing
Bolt

Figure 10. Exploded view of a multimode transducer

Firstly, a silicon rubber was applied to the side to create an acoustic separator, and the returned edges of the head mass
were fabricated. A set of piezoceramic discs was stacked upon each other to form the pressure phase, and a copper
electrode of 1 mm was placed between every two PZT during the assembly of the set. The organised bushings, inclusive
of soft rubber and acetal, were then inserted inside the force section. Afterwards, the enhanced model of the tail mass was
changed to a fabrication comprising a round hollow space. This alignment confirmed a reduction in the universal length
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of the transducer in comparison to the traditional strong cylindrical shape, and a compact shape was also maintained. For
the decoupler meeting, the inner ring of the EPDM was connected to the outer ring of the stainless steel. While driving
the transducer, mechanical interference is prevented by the outer ring of the decoupler between it and the housing. After
finalising the fabrication of the individual parts, the final model of the prototype transducer was changed to assembly.
Firstly, the acoustic window was press-fitted on the pinnacle of the top mass. After the bolt was inserted during assembly,
the PZT stack hooked up under the head mass with a bolt and its inner bushing. Figure 11 shows the finalised assembly
without the housing. Fastening nuts were assembled with a bolt to complete the internal assembly. The electrical
connections were made after the assembly was placed inside the housing.

Acoustic Window

Figure 11. Assembled prototype of a multimode Tonpilz transducer

3.4 Experimentation of a Prototype Transducer Design

The fabricated prototype transducer's acoustic performance underwent an experimental evaluation to verify the design
accuracy. This evaluation was then compared to the results predicted by the FEA simulation. The basic experimental
setup involved using an impedance analyser with a fabricated Tonpilz transducer to obtain the output graph. The specific

setup for this experiment is detailed in Figure 12.

0

&7
<3
E
2 885t 88 d88§3%

T

Tonpilz transducer Impedance analyser

Figure 12. Schematics of the experimental measurement apparatus

The 262K sine phase impedance analyser model was used to measure the impedance spectrum of the Tonpilz
transducer. The impedance spectrum reveals a resonant peak at 12.6 kHz. This peak in magnitude within the impedance
spectrum corresponds to a resonant frequency of 12 kHz. The impedance spectrum of the multimode transducer at
12.6 kHz illustrates its relationship with varying frequencies, as Figure 13(b) illustrates. A frequency response comparison
of'a commercially available conventional transducer and the prototype transducer is shown in Figure 13. This comparison
highlights the effectiveness of the multimode transducer over the conventional transducer structure of similar thickness
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and frequency. The peak illustrated in Figure 9 and Figure 13(b) validates the correlation between the resonant frequency
and the impedance spectrum in FEA and experimental analysis. This demonstrates a strong relationship between the two
methodologies, thereby improving the overall bandwidth of the Tonpilz transducer.
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Figure 13. Comparison of experimental results between (a) the conventional transducer structure and
(b) the multimode prototype

4. CONCLUSIONS

This study successfully developed a high-power multimode (longitudinal and flapping) Tonpilz transducer operating
at 12 kHz to achieve a high FBW. The primary conclusions of the present work are as follows:

1)  An initial FBW of 57.6% was achieved with a TVRpeak of 144.2 dB re 1mPa/V at a head mass radius of 65 mm.

ii) Increasing the head mass radius from 70 mm to 80 mm did not result in a -3 dB FBW. This was due to the resonant
frequencies of both the longitudinal and flapping modes not being optimally aligned. A similar trend was observed
at a head mass radius of 90 mm, where the -3 dB FBW was not attained.

iii) The optimised head mass radius was determined to be 85 mm, resulting in the highest FBW 0f 91.6% and a TVRpeak
of 146.96 dB re ImPa/V.

iv) To validate the TVR response, the impedance spectrum as a function of frequency was considered, resulting in a
peak resonant frequency of 12 kHz.

v) The fabricated model with a head mass radius of 85 mm exhibited an impedance frequency of 12.6 kHz,
demonstrating good agreement between the FEA simulation and the fabricated model.
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