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Abstract

This study aims to design and fabricate an acoustic transducer whose first resonance
frequency occurs within the 11 kHz range. The transducer can be used as an underwater
warning pinger (locator) for emergency situations. When installed on an aircraft, vessel, or
piece of equipment, and activated by a pressure sensor, this pinger can serve as a warning
device. The core of the transducer is a piezoelectric (PZT-4) ring. By adding a concentric
cylindrical metal shell around the ring, we aim to both increase the structural degrees of
freedom and align the emitted acoustic wave with the normal vector perpendicular to the
outer surface of the ring. The ring is made of piezoceramic material, while the surrounding
concentric metal shell is made of aluminum. Since the computational analysis of such
structures using simulation software is highly time-consuming, a sector of the structure is
analyzed instead of the full model, as the results are identical to those obtained from the
complete geometry. The obtained results show excellent agreement.

Keywords: Tonpilz; transducer; FEM.

1. Introduction

The Pinpointing System, or Underwater Backscatter Localization (UBL), is a novel
underwater navigation technology. Unlike conventional positioning systems such as GPS, which
rely on radio waves, UBL operates using acoustic signals, since radio waves rapidly attenuate and
lose strength in liquids particularly in seawater [1,2].
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In underwater environments, researchers rely on acoustic methods to track various objects and
marine species such as unmanned submarines, whales, and schools of fish, as well as to monitor
underwater acoustic signaling. The UBL system generates binary pulses through the backscattering
of acoustic signals and utilizes them for precise localization. The ultimate goal of this technology is
to develop an efficient navigation system capable of producing accurate and wide-area maps of the
oceans [3-7].

As such technologies advance, the deployment of unmanned underwater vehicles (UUVS) in
deep-sea environments will become increasingly feasible. Positioning and navigation systems play a
vital role in both industrial and scientific operations; without them, many underwater missions
would be extremely difficult or even impossible to accomplish. While GPS is highly effective for
land and aerial applications, it cannot function underwater, as water blocks the propagation of radio
waves. Consequently, submarines use sonar instead of radar, since acoustic signals can propagate
for thousands of kilometers under favorable conditions [8-12].

According to researchers at MIT, one of the primary challenges in using acoustic systems for
underwater localization is their high energy consumption. Large submarines can easily provide
sufficient power for their acoustic systems; however, smaller devices designed for applications such
as marine animal tracking are limited by power availability and the need for large batteries [13-15].

To address this issue, researchers have employed piezoelectric materials. In the UBL system,
piezoelectric sensors harvest energy from reflected acoustic waves in the surrounding environment.
These sensors selectively capture returning signals and convert them into a power source for the
device [16-20].

Several experiments have been conducted on the UBL system, and the results demonstrate
promising performance in shallow-water environments, marking a significant step toward the
realization of low-power, battery-free underwater navigation technologies [21-27].

2. Tonpilz transducer

Underwater acoustics has emerged as a critical field of research due to its extensive range of
scientific and industrial applications, including sonar systems, underwater communication, and
marine environmental monitoring. In this context, arrays of electroacoustic transducers are widely
employed as both transmitters and receivers of acoustic waves in underwater environments. Among
various types of underwater transducers, the Tonpilz transducer is the most prevalent due to its high
efficiency and structural simplicity. Fig. 2 presents a cross-sectional schematic of a Tonpilz
transducer along with several representative examples.
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Figure 2: Left: Cutaway view of a Tonpilz Transducer and right: Full view of a Tonpilz Transducer after
insulation [30].

A conventional Tonpilz transducer is composed of four primary components: a head mass, a
tail mass, a stack of piezoelectric ceramic rings or disks, and a pre-stressing bolt. Depending on
specific design requirements, additional elements such as metal electrodes, adhesive layers, rubber
insulators, and other auxiliary materials may also be incorporated into the structure.

The assembly process typically begins with the concentric stacking of multiple piezoceramic
rings. Depending on the electrical configuration, metal electrodes or intermediate conductive layers
are inserted between the ceramics. Subsequently, the head and tail masses are positioned at the
upper and lower ends of the stack, respectively, and the entire assembly is clamped together using a
central bolt. The bolt penetrates approximately halfway into the head mass and is tightened on the
tail side with a nut to ensure the required pre-stress and mechanical stability.

Several methodologies have been developed for the design and analysis of Tonpilz
transducers, which are generally categorized into two main groups: analytical methods and
numerical techniques. In a typical design workflow, the preliminary design stage employs
simplified one-dimensional analytical models to obtain approximate dimensions of the transducer’s
key components based on target specifications such as resonance frequency and operational
bandwidth.

In the commonly adopted lumped-parameter model, the Tonpilz transducer is represented as a
mass spring mechanical system (Fig. 3). Using classical vibration equations and the prescribed
resonance frequency, the approximate dimensions and mass distribution of the transducer
components can be determined. An alternative one-dimensional representation is the equivalent
electrical circuit model (Fig. 4), which exhibits strong analogy with the lumped-parameter model
but utilizes electrical circuit elements and network laws to characterize the dynamic behavior of the
transducer system.
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Figure 4: Analog circuit model for a Tonpilz transducer [32].

2.1 Technical Specifications and Discussion

Based on preliminary studies and design recommendations, the PZT-4 piezoceramic element
was selected as the active material for the proposed transducer. Accordingly, the design aimed to
develop a structural configuration capable of meeting the operational and mechanical requirements
of the intended application.

To generate acoustic waves at the desired operating frequency, a set of piezoceramic
components was employed. The proposed design was developed considering the available
piezoceramic elements and their electromechanical properties. The selection of the transducer
housing materials was made in accordance with conventional and experimentally validated designs.
Using the data summarized in the following tables, the most suitable materials and their physical
characteristics were determined.

Table 2: Materials used in the structure of Tonpilz [33-34].

head mass Tail mass bolt
Aluminum steel steel
Aluminum 6061 steel steel
Aluminum brass Alloy steel
Aluminum steel Alloy steel

Table 3: Specifications of various types of PZT piezoceramics.
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Consequently, Aluminum was selected for the head mass, while stainless steel with an
appropriate hardness level was used for the tail mass (body). The components were mechanically
joined using a stainless-steel bolt, ensuring both rigidity and corrosion resistance. In several regions,
rubber washers and insulating layers were inserted to prevent direct contact between the
piezoceramic elements and the metallic housing. Moreover, waterproof insulating coatings were
applied to the transducer’s external surface to protect the internal structure from water ingress.

The following section presents the detailed technical specifications, final design parameters,
and analytical results of the developed Tonpilz transducer.

2.2 Analysis of Stress Distribution in Tonpilz Transducers

As illustrated in Fig. 5, the investigation of vibration modes at various operating frequencies
provides valuable insight into the stress distribution within the Tonpilz transducer structure. The
variation of stress levels with increasing frequency reveals the underlying mechanical behavior of
the transducer and validates the rationale behind its distinctive design configuration.

The mushroom-shaped design of the Tonpilz transducer, combined with the use of a
lightweight metal such as aluminum for the head mass, leads to a localized increase in stress
concentration at the head region. This stress concentration enhances the transmission of vibrational
energy through the structure, thereby improving the efficiency of acoustic wave radiation into the
surrounding medium.
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first mode: 35.3 kHz
longitudinal piston mode dominant

second mode: 42.7 kHz
flapping mode dominant

Figure 5: Stress distribution on the head mass of the Tonpilz transducer.

3. Experimental Conditions and Transducer Placement

The experiment was conducted in a controlled pool environment, with the transducer
positioned at a short distance from the receiving hydrophone. The electrical circuitry and driving
electronics were connected to the transducer, which was then submerged in water to generate
acoustic ping signals for performance evaluation. All measured data were recorded and analyzed to
assess the transducer’s acoustic and electrical behavior. The final performance results were
determined following the completion of the experimental tests.
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Figure 6. Schematic diagram showing the placement of the fabricated Tonpilz transducer in water for
measuring the Transmitting VVoltage Response (TVR).

4. Simulation and Modeling

This section presents the simulation and modeling process of the piezoceramic components,
including both ring and disk structures, within the desired frequency range. Initially, individual
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piezoceramic elements were simulated to obtain their directivity patterns and stress distribution
profiles under different excitation frequencies.

Subsequently, a complete model of the Tonpilz transducer was developed in a simulated
underwater environment, allowing for the analysis of frequency response, acoustic radiation
characteristics, and mechanical stress behavior at resonance frequencies. Several design variations
using different materials and geometric configurations were evaluated to identify the optimal
structure for maximum acoustic efficiency.

4.1 Single-Element Simulation

To design the pinger transducer, a PZT-4 piezoceramic ring with an inner radius of 15 mm,
outer radius of 30 mm, and height of 10 mm was modeled. Fig. 7 presents the frequency—impedance
curve and the 3D stress distribution at the resonance frequency of the piezoceramic. The dimensions
of the element were selected based on availability and ease of access.
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Figure 7: Piezoceramic ring — (left) frequency—impedance plot (resonance frequency: 24 kHz); (right) 3D
stress distribution at resonance.

The pinger transducer consists of piezoceramic, head, tail, and bolt components. In this
design, four PZT-4 piezoceramic rings were used, resulting in improved performance compared to
conventional models. The use of four rings enhances the operational frequency and overall
efficiency of the transducer. Fig. 8 shows the sectional view and 2D CAD drawing of the transducer
design. In the design of this pinger, aluminum alloy 6061 was used for the head and housing
components, while stainless-steel 316 was employed for the tail and bolt to ensure high mechanical
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Figure 8: (a) Sectional view of the transducer including piezoceramic
design of the transducer.
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F'igure 9: 2D CAD drawings for fabrication of the transducer head.

4.2 Transducer Simulation in Environmental (Water) Conditions

This section provides detailed modeling and simulation results of the ultrasonic transducer
operating in a water environment under a pressure equivalent to a depth of 80 m below sea level.

Fig. 10 illustrates the acoustic pressure field and electrical potential distribution of the pinger
system in water at a frequency of 11 kHz.

freq(21)=11000 Hz Multislice: Total acoustic pressure field (Pa) freq(39)=20000 Hz Multislice: Electric potential (V)

14

-100 1 ; so
=301 9 %0 00100
50 mm

3 50 mm
y r x 100100 o i "l o
mm

z

Figure 10: Pinger system in water, (left) acoustic pressure distribution, (right) electrical potential.

Fig. 11 presents the acoustic propagation pattern and the sound pressure level (SPL)
distribution of the pinger system in water.

freq(21)=11000 Hz Multislice: Sound pressure level (dB) o freq(21)=11000 Hz Radiation Pattern: SPL relative to 0 dB at Zeval (dB)
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Figure 11: Pinger system in water, (left) acoustic propagation, (right) SPL distribution.
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Fig. 12 shows a segment of the external SPL pressure field and the pressure—distance (z) plot

under water conditions.
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IFigure 12: (left) portion of external SPL pressure field, (right) pressure

Fig. 13 presents the admittance curve and power—frequency response of the pinger system in a

water environment.
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Figure 13: Pinger system in water — (left) admittance curve, (right) power—frequency response.

Fig. 14 displays the TVR curve and acoustic impedance of the pinger system in water.
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Figure 14: Pinger system in water — (left) TVR plot, (right) acoustic impedance.

The beam pattern obtained at 11 kHz is shown in Fig. 15, illustrating the acoustic wave

propagation and beam angle of the Tonpilz-type transducer in the water medium.
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Figure 15: Beam pattern of the transducer at 11 kHz.

Finally, Fig. 16 presents the complete Tonpilz transducer model, including the piezoceramic,
head, tail, housing, bolt, and the detailed housing dimensions.
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Figure 16: (left) final Tonpilz transducer model; (right) 2D view of the housing.

5. Construction of the Tonpilz Transducer

After completing the simulations and tuning the operating frequency to approximately 11
kHz, the fabrication of the Tonpilz transducer was carried out. This section describes the main
components of the system, including the head, tail, housing, PZT-4 piezoceramic elements, and the
tightening bolt, followed by an overview of the assembly and testing process.

5.1 Fabrication

Upon completion of the simulation stage and selection of the optimal structure and materials,
the fabrication process of the Tonpilz transducer commenced. Fig. 16 illustrates the various
components of the pinger together with its electronic driving circuit. Four PZT-4 piezoceramic
rings, separated by copper electrodes, were bonded together using a high-strength adhesive. The
positive poles were connected to each other, as were the negative poles. The piezoceramic stack
was then clamped between the head and tail components using a stainless steel 316 bolt, tightened
to a specific torque using a torque wrench. The applied torque directly affects the resonance
frequency of the transducer.

Next, a polyurethane washer was placed around the tail section to improve longitudinal
vibration and prevent bending of the bolt. Initial measurements were conducted using an impedance
analyzer, function/signal generator, power amplifier, and oscilloscope. After optimizing the torque

10
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level, the housing was installed and sealed to ensure full waterproofing of the device. For better
acoustic coupling and performance, castor oil was used to fill the interior of the housing.

Finally, the transducer was tested using Briel & Kjer reference hydrophones, Types 8104
and 8105, to verify its acoustic response. Once satisfactory performance was achieved, the
electronic driving and control circuit was designed, and the complete system underwent a final
series of tests.

Figure 16: Components of the pinger along with the electronic circuit.

6. Conclusion

Tonpilz-type transducers play a crucial role in the design and development of fundamental
sonar systems. In this study, by introducing slight modifications to the transducer’s structure, the
physical and environmental parameters such as water salinity, temperature, sound velocity, and
material composition were modeled and optimized. The tail mass and bolt were fabricated from
stainless steel 316, while the head and housing were made of aluminum alloy 6061.

Based on the simulation and experimental results, the constructed transducer using PZT-4
piezoceramic elements exhibited an optimal performance with a central frequency of approximately
11 kHz. When integrated with a water pressure sensor, this pinger can be employed as an
underwater warning pinger (locator) for underwater safety and detection applications.
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