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This study investigated the problem of variable ultrasonic sound pressure level measurement 

in solid substrates because such measurements matter for marine antifouling applications. 

Contact microphones demonstrate two fundamental flaws when operating in ultrasonic 

frequency ranges and produce measurement variations based on environmental conditions 

and placement positions. The system used hydrophones for measurement with a redesigned 

magnetic holder containing internal clearance and filled with ultrasonic coupling fluid to 

achieve better impedance match-up and minimize measurement resonance. The testing took 

place in two setups: The ultrasonic signal producing box produced shaky frequency outputs 

while the piezo drive demonstrated reliable performance through steady frequency inputs. 

The experiment took place in two setups where the ultrasonic signal producing box exhibited 

irregular frequency patterns before the Piezo Drive achieved stable frequency output for 

accurate measurements. New testing data showed that the redesigned magnetic holder 

performed better than the original design by decreasing measurement variations according 

to statistically evaluated results. A comparative frequency analysis agreed between the laser 

doppler vibrometer, but this device operates through a non-contact method of vibration 

assessment. The hydrophone system demonstrates excellent precision in ultrasonic vibration 

capture which makes it a suitable industrial and marine alternative. The research lays down 

reliable methods for hydrophone acoustic measurements which present useful solutions for 

structural inspections, underwater technology and marine growth avoidance. The 

implementation of controlled frequency generation practices along with mechanical 

optimization and coupling fluid integration tools creates enhanced accuracy levels in 

ultrasonic SPL systems which may apply to both laboratory and field deployment.  
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SYMBOLS AND ABBREVIATIONS  

 

Roman characters 

A amplitude  m 

F frequency Hz 

I sound intensity W/m² 

Pe effective pressure           Pa 

P pressure               Pa 

SPL sound pressure level            dB 

T time period s   

U  voltage V   

V  volume m3    

 

Greek characters 

α incidence angle   

λ wavelength m 

ρ density kg/m3  

v velocity m/s 

ψ sound pressure              Pa  

 

Dimensionless quantities 

CV  coefficient of variation 

ICC  intraclass correlation coefficient 

μ mean 



σ standard deviation 

 

Abbreviations 

CM Contact Microphone 

MH Magnetic Holder 

LDV Laser Doppler Vibrometer  
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1  Introduction 

The measurement of ultrasonic sound pressure levels (SPL) (Figure 1)  holds significant 

importance across various scientific fields, particularly due to its precision and the non-

invasive nature of the measurement. Sound pressure level represents the relationship 

between the measured pressure of a sound wave and a standardized reference point, using a 

logarithmic scale. This value is typically expressed in decibels (dB), providing a practical 

way to compare different sound intensities across various applications (Sound pressure, 

2024). In environmental science, it is used to monitor and control noise pollution, helping to 

mitigate its impact on human health and wildlife. Marine biologists rely on SPL 

measurements to study underwater acoustics, assessing the effects of human activities on 

marine life and understanding animal communication. A sound level meter is utilized for 

measuring acoustic levels. Typically, it is a portable device equipped with a microphone. 

The ideal microphone for these meters is the condenser microphone, valued for its accuracy, 

stability, and reliability (Sound pressure, 2024).  

 

 

Figure 1. Sound wave 

 

In the marine industry, SPL measurement finds a unique and environmentally friendly 

application in antifouling technology for ships, specifically using ultrasonic sound pressure 
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level  systems. These systems emit high-frequency ultrasonic waves that create micro-

vibrations on the hull's surface, inhibiting the settlement and growth of marine organisms 

such as barnacles, algae, and mollusks. By inhibiting biofouling, USPL technology 

maintains the vessel's hydrodynamic efficiency, reducing fuel consumption and greenhouse 

gas emissions (Davidson, Cahill, Hinz, Kluza, Scianni, & Georgiades, 2021, pp. 1-2). This 

method is highly effective and eco-friendly, presenting a sustainable alternative to traditional 

antifouling coatings that contain harmful chemicals. The adoption of USPL antifouling 

technology not only supports marine environmental protection but also enhances the 

operational efficiency and longevity of ships. 

1.1   Research problem 

Ultrasonic sound pressure level (SPL) measurement is a modern, efficient, and 

environmentally friendly method for preventing fouling on marine equipment. The 

accumulation of marine life like algae and mollusks called fouling creates considerable 

problems for the marine industry when it forms on submerged surfaces. The growth of these 

organisms attached to submerged surfaces causes drag on the hulls of ships that results in 

increased fuel usage and greater greenhouse gas emissions (Vinagre, Simas, Cruz, Pinori, & 

Svenson, 2020, pp. 1-2). Ultrasonic SPL systems offer a sustainable alternative to traditional 

antifouling methods by using high-frequency waves to create micro-vibrations on the hull's 

surface, preventing the attachment and growth of marine organisms (Salimi, Livadas, Teyeb, 

El Masri, & Gan, 2023, p. 1). However, to properly regulate and monitor these ultrasound-

producing transducers, a measurement device that delivers consistent and reliable SPL 

readings is essential.  

Research has demonstrated that the currently used contact microphone (CM) for ultrasonic 

SPL measurement generates inconsistent reading results. The fluctuating measurement 

output of contact microphones stands as an obstacle in making ultrasonic antifouling systems 

effective. The results become unreliable because small variations during the positioning and 

pressure administration on the CM affect SPL data production. Measuring vibration on steel 

structures in open spaces requires a development of stable and reliable contact microphones. 
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1.2  Objective and research questions 

The main objective of this research involves designing and building a contact microphone 

system which provides dependable assessments of ultrasonic sound pressure measurements 

in marine solid materials under different environmental circumstances. The measurement 

outcomes from the examined CM show irregular results. The research addresses this problem 

by applying design modifications to the CM to achieve repeatable SPL measurement results. 

The research questions guiding this study are: 

▪ How can consistent and reliable ultrasonic SPL measurements be obtained in a solid 

substrate? 

▪ What are the sources of inconsistency in the current contact microphone design? 

▪ How do the present contact microphone and new contact microphone designs 

compare in terms of SPL output across a broad frequency range? 

▪ Which design demonstrates better consistency and reliability in SPL measurements 

across multiple measurement points when compared and verified with a laser 

vibrometer? 

1.3  Scope 

The study concentrates on designing and developing a contact microphone (CM) which 

measures ultrasonic sound pressure levels consistently in solid substrates throughout 

controlled laboratory testing. The main goal of this investigation targets the irregularities 

found in Shipsonic's existing CM along with their root causes. 

The research focuses on the following:  

The development of a consistent ultrasonic SPL measurement device, which involves 

designing and prototyping a new contact microphone that delivers stable and repeatable SPL 

readings, investigating and mitigating factors contributing to measurement variability such 

as positioning, pressure application, and environmental conditions, and testing and 

validating the performance of the newly developed CM under various controlled conditions.  
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This research is conducted entirely within a laboratory environment, simulating marine 

conditions as closely as possible but not in actual marine settings. The primary focus is on 

improving the design and consistency of the CM and understanding the PE lining's impact 

on SPL attenuation. However, the findings and conclusions drawn from this research are 

based on laboratory experiments and may not fully replicate real-world marine conditions. 

Future research should validate these results in actual marine environments.  

The research exclusively evaluates one CM type but does not include alternative 

measurement devices which might be suitable for corresponding applications. Further 

research should study how variations in marine conditions affect measurements at different 

levels of temperature, salinity and biofouling because these elements are not sufficiently 

represented in this investigation. 

The research does not examine the long-term effects of marine environments on CM 

durability nor its operational performance which remains a topic for future studies. This 

research establishes foundational boundary conditions and limitations to create solid 

ultrasonic SPL measurement devices which will help identify more areas for validation 

within real marine conditions. 

1.4  Use of AI in this thesis  

The research utilized generative AI through ChatGPT which (OpenAI, 2024) developed. 

ChatGPT helped research tasks by extracting vital findings from multiple scientific 

documents for the literature review process. The images generated through the tool 

supported the production of illustrative content to clarify complex ideas in addition to 

example outputs that enhanced the research explainability. The application of AI enabled an 

efficient and thorough analysis process.  

1.5   Structure of thesis 

The thesis is structured as follows: 

Introduction: The Introduction chapter introduces the research problem followed by stating 

its objectives and defining the scope. The essay defines the problems of standard SPL 
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techniques throughout their measurement methods and points out how environmental 

elements and product design restrictions produce measurement variation. In this section the 

researcher presents possible benefits from integrating hydrophones together with remodeled 

magnetic holders and special coupling fluids while initiating the research analysis 

framework. 

Literature review: The Literature review chapter investigates existing research about SPL 

measurement through acoustic sensors and related acoustic sensor technology investigations. 

This section describes hydrophone structures alongside calibration systems and their usages 

in ultrasonic measurement applications. The review section explores Laser Doppler 

Vibrometer as an evaluation instrument and investigates how water-based fouling affects 

sensor operational capabilities. This chapter provides information about improvements in 

ultrasonic vibration analysis together with research areas that need further investigation to 

address through the current study.  

Theory and methodology: This section presents both theoretical concepts about sound and 

SPL measurement along with full specifications of experimental designs. The evaluation of 

experimental systems involved an ultrasonic signal-producing box with uncontrolled 

frequency drifts first before integrating a PDUS210 device to provide stable precise 

operation. The design procedure for hydrophones alongside magnetic holders receives 

detailed explanation in this section together with an explanation of coupling fluids for 

measurement accuracy improvement. The paper incorporates details about LDV validation 

procedures within its content. 

Results and discussion: The results alongside their discussion appear within the results and 

discussion chapter. The research examines two experimental approaches through case 

studies to explain how the initial design limitations were overcome by implementing the 

second model. The research evaluates SPL data through an analysis that combines statistical 

calculations between mean and variance together with coefficient of variation (CV) and 

intraclass correlation coefficient (ICC). SPL performance assessment appears in heatmaps 

and bar charts throughout multiple frequencies and measurement points to reveal magnetic 

holder design 1 differences from the revamped magnetic holder design 2. The study 

evaluates the magnetic holder designs through comparison with LDV validation while 

analyzing trends and providing insight. 
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Conclusion: The Conclusion section of this paper sums up research results by demonstrating 

the hydrophone functions as a reliable instrument for ultrasonic sound pressure level 

measurements. Conclusively the redesigned magnetic holder combined with coupling fluid 

makes it possible to obtain improved measurement stability and repeatability. This research 

leads to practical applications for both laboratory settings and marine environments 

according to the conclusion section where future scenarios for real-world implementation 

and hydrophone system optimization are outlined. 
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2  Literature review 

The literature review offers an in-depth evaluation of past research related to hydrophone 

design, calibration techniques, and their applications in underwater acoustic measurements. 

It also examines advancements in ultrasonic vibration measurement technologies and 

innovative antifouling strategies to address marine fouling challenges. 

2.1  Background on hydrophone design and calibration 

M. Zhang (1999, p. 589) investigated the development of Mach-Zehnder interferometric all-

fibre hydrophones with an emphasis on unit-to-unit consistency performance. His study 

focused on several key aspects including design of hydrophone, laser consistency, optical 

path difference (OPD), optical fibre selection, and circuitry to achieve consistent 

performance across different hydrophone units. The methodology involved designing the 

hydrophones with a cylindrical elastomer mandrel supporting the sensing fibre, ensuring that 

the reference fibre was isolated from acoustic effects by being wrapped on a hard material. 

He also integrated a frequency-modulated laser diode to trigger carrier phase variations in 

the interferometer arms. The findings proved that optimizing the design elements enabled 

the hydrophones to deliver excellent sensitivity and noise performance throughout their 

specified operating band. The research findings demonstrated great progress but future 

studies need to develop improved techniques for both polarization control and acceleration 

cancellation to advance hydrophone performance stability. 

The research by Ford, Robinson, & Ablitt (2021, pp. 1-3) evaluated how hydrophone 

stability responds to different temperature and hydrostatic pressure conditions. Different 

hydrophone models were tested by researchers for their performance stability under various 

environmental conditions. Hydrophone calibration occurred within a controlled setting 

through the Acoustic Pressure Vessel (APV) and Closed Chamber Reciprocity Coupler 

which provided precise temperature and pressure adjustment. Hydrophones equipped with 

simpler sensor setups which had a single ceramic sphere demonstrated better performance 

stability over more complicated designs. Hydrophone sensitivity levels display various 

ranges among distinct models and operational conditions because of which complete 
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environmental-specific calibration stands essential for effective hydrophone operations. The 

research recommends additional studies to create strong hydrophone structures and enhance 

calibration systems for precise in-field monitoring. 

A LGUS source was used by Bakaric, Ogunlade, Miloro, Zeqiri, Cox, & Treeby (2023, p. 

1) to observe how temperature changes affect hydrophone sensitivity. Research focus 

remained on developing small ultrasonic hydrophones which would be suitable for medical 

applications. A water-based experiment took place because its thermal sensitivity allowed 

precise calibration of the LGUS source throughout extensive temperature ranges. 

Hydrophone measurements demonstrated stable performance since sensitivity variations 

exceeded –0.2% only when temperatures moved by one degree Celsius between 17°C to 

50°C. The research study established a solid relationship between findings from LGUS tests 

and measurements collected through self-reciprocity methods which validated the accuracy 

and trustworthiness of LGUS techniques. Future analysis should work on extending this 

method through increased bandwidth enhancement. 

A multipurpose cilia cluster MEMS vector hydrophone (CCVH) was designed for 

underwater applications by L. Zhang, Xu, Zhang, Wang, Pei, Wang, Lian, Ji (2019, p. 331) 

through fabrication work. Researchers adopted bionic methodology by copying fish sensory 

organs to create a hydrophone device which tested aquatic organisms' sounds as well as 

monitored vessel noises. Mathematical modelling was combined with simulation testing 

which confirmed theoretical results while the research optimized the cilia structure. MEMS 

technology was utilized to create the hydrophone which maintained high consistency 

through elimination of secondary cilia integration steps. The experimental results indicated 

a substantial sensitivity advance of 9.6 dB when the device reached -183.3 dB@1600 Hz 

frequency while operating within a band spanning 20 Hz to 1 kHz with a sensitivity increase 

rate of 6 dB per octave. The research established CCVH shows great potential as an 

underwater detector but researchers must pursue additional development to expand its ability 

to recognize marine biological sound signals exceeding 1 kHz range. (Zhang et al., 2019, p. 

338.) 

G. Zhang, Zhang, Ji, Yang, Wang, Zhang, Yang (2021, p. 1) investigated the development 

of a composite hydrophone which detects both sound pressure and pressure gradient values 

simultaneously. The developers intended this innovation to solve the left-right ambiguity 

issue that plagues single hydrophone azimuth estimates. The researchers incorporated a 
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structure inspired by biological cilia which served to increase their system sensitivity. The 

researchers used a MEMS-based vector hydrophone along with a piezoelectric ceramic tube 

for measuring sound pressure gradient variations and detecting sound pressure respectively. 

The combination of these measurement channels enabled the study to acquire essential 

acoustic data required for underwater applications. The united application of these two 

channels provided complete acoustic measurements. The researchers confirmed the 

composite hydrophone's functionality by implementing theoretical examinations and 

simulations along with experimental testing procedures. Laboratory results indicated that the 

compound hydrophone received acoustic pressure with sensitivities reaching -188 dB for 

vector measurements and -204 dB for scalar measurements which eliminated ambiguities 

and boosted naval positions. Research needs to investigate while advancing both the 

sensitivity and bandwidth capabilities of the hydrophone and expand its usage across various 

underwater environments together with challenging acoustic situations. (Zhang et al., 2021, 

p. 5.) 

A two-component cilia cylinder MEMS vector hydrophone (TCVH) was designed by Xu, 

Zhang, Ding, Wang, Pei, Ren (2018, pp. 142-143) to enhance sensitivity without adding 

extra load to the cantilever beam. The designers resolved sensitivity challenges by building 

TCVH structures which duplicate biological cilia cone arrangements while providing 

operational stability along with simplified manufacturing operations. The authors conducted 

theoretical and simulation analyses to design optimal device parameters which were then 

tested through standing waves field comparison calibrations. The present TCVH design 

delivered 4.5 dB increased sensitivity from 20–1000 Hz frequencies while achieving its best 

performance metrics with optimal dimension output. The TCVH exhibited outstanding 

directional features through its "8" shape design pattern that produced a 30 dB or greater 

concave point depth thereby improving target detection efficiency. Research should 

concentrate on optimizing cilia dimensions together with materials selection while exploring 

how to merge the hydrophone with MEMS technologies and conducting experimental tests 

in different aquatic environments to verify its operational capabilities. 

The construction of a MEMS-based bionic vector hydrophone through fish lateral line organ 

auditory structure patterns was investigated by (Zhang et al., 2019, p. 331). The device 

required building two bionic units: the vertical detection unit having four cilium-shaped 

beams combined with a level detection unit employing double T-shaped beam structures. 
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The MEMS fabrication techniques allowed scientists to combine these elements on a single 

integrated chip. Test results demonstrated a consistent frequency response throughout the 

measurement range while the hydrophone detected movements at −185 dB and −181 dB for 

the X/Y axes along with the Z axis at 1 kHz. This hydrophone showed a clear directional 

pattern which reached its minimum level at 47.7 dB at the concave point depth. The study 

found that the three-dimensional hydrophone possesses spatial orientation features which 

make it ideal for sonar-based applications. Future research needs to focus on smaller size 

reductions of these sensors while enhancing their technical capabilities under diverse 

environmental situations and through implementation with state-of-the-art MEMS 

technologies to expand their potential in underwater acoustic applications. 

Researchers Shiiba, Michihisa, Yahagi, Mayu, Morishita, Takeshi, Okada, Nagaya, 

Kurosawa, Minoru K. & Takeuchi, Shinichi (2024, pp. 1-4) designed a thorough 

investigation into the development of anti-cavity microphones to reduce acoustic feedback 

in hearing aids. The research team implemented an anti-cavity structure for their microphone 

because it fights the feedback effects which occur from sound reflections in hearing aid 

cavities. The evaluation of the microphone performance relied on theoretical simulations 

alongside experimental validations as part of the research. Their research demonstrated how 

the designed microphone reduced acoustic feedback results which lead to better sound 

quality and improved user experience of hearing aids. Researchers should study how to 

combine this anti-cavity microphone with other acoustic techniques to improve hearing 

devices for users in future investigations. 

The developmental process and operational performance evaluation of underwater 

ultrasound detection through fiber-optic sensor arrays was investigated by (Arbel, Tur, & 

Eyal 2024, p. 945). The main goal was to fix the problems which conventional acoustic point 

sensors present when measuring spatial areas and synchronized time-space measurements. 

Researchers developed a Q-DAS system using 26 weak FBG sensors which distributed 9 

sensors underwater for detection purposes. The array structure reached interrogation speed 

of 5 MHz because of its configuration which surpassed traditional acoustic systems. Their 

testing involved executing both theoretical calculations alongside practical pool testing in a 

20-meter-long tank. The array showed successful operation in detecting high-frequency 

ultrasound pulses extending to 100 kHz which resulted in better sensitivity along with 

minimized acoustic feedback. The method demonstrates promising prospects for multiple 
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underwater tasks such as sonar detection and navigation systems as well as research activities 

involving marine organisms. Current research should integrate this high-rate interrogation 

method with other acoustic sensing technologies while investigating underwater 

environmental applications to improve its performance. 

The research of Hoshi & O-oka (2024, p. 1) focused on creating a specific microphone 

device which detects acoustic intensity levels. High-intensity airborne ultrasound signals can 

be detected through a system which incorporates optical fibers as its detection method. Their 

research solves the measurement issues found in traditional microphones that have a 

maximum detection range of 160 dB by deploying an optical fiber-based system. The 

technique bases its approach on replacing traditional microphones with narrow optical fibers 

so as to minimize the effects of sound field disturbances. The research group performed 

experimental testing with prototype optical fiber acoustic intensity microphones to show the 

devices operated correctly even when exposed to high-intensity ultrasonic waves. The 

developed optically based microphones emerged from testing as devices which precisely 

recorded ultrasonic intensity with minimal phase impact and interference. Researchers 

recommend investigating how to improve the advanced design of optical fiber microphones 

and develop their application in non-contact ultrasonic interaction systems to achieve tactile 

feedback and acoustic levitation. More precise ultrasonic measurements will become 

possible through these improvements to enhance different fields which include medical 

therapies and innovative speaker designs. 

A novel obstacle avoidance sonar system was developed by (Linxian, Wendong, Guojun, 

Linggang, Chenyang, Hui, 2015, p. 76). The research team wanted to solve the problems in 

conventional resonant vector hydrophones through improving their size and detecting 

sensitivity. The MEMS manufacturing technology enabled team members to create a double 

T-shape microstructure hydrophone that delivered superior performance regarding 

dimensions as well as sensitivity and directional sensitivity features. Special methods of 

simulation analysis were used to find the optimal location for piezoresistors while 

constructing the components before establishing calibration standards at a national defense 

underwater acoustic station. The researchers established that the device exhibited smooth 

frequency response performance with −180 dB at 1 kHz sensitivity and a directed audio 

signal pattern matching an "8" shape. Further study needs to optimize the hydrostructure to 

enhance sensitivity measures while exploring array setups to improve observation functions. 
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This research showcases how the hydrophone technology demonstrates its ability to provide 

economical yet effective sonar devices for civilian maritime detection systems. 

Xibao Liu, Guojun Zhang, Linggang Guan, Liangxia Yan, & Chenyang Xue (2011, p. 358) 

explored the design of a novel damping spring structure for a MEMS vector hydrophone 

aimed at enhancing its antinoise capabilities. Their research involved developing and testing 

a chip-level spring damping structure through finite element simulations using Ansys, which 

helped determine the geometry, stiffness, and optimal placement of the springs. The study 

found that incorporating two pairs of springs, positioned vertically inside and outside the 

hydrophone, significantly improved the device's ability to reduce flow noise threefold 

without compromising its sensitivity. The enhanced structure also promised better 

consistency and feasibility for engineering applications. The authors suggest that future 

research could further optimize the design parameters and explore the integration of this 

damping structure into larger hydrophone arrays for improved performance in varying 

underwater environments. 

The authors Rajapan, Sreedev, Rajeshwari, & Sankar (2023, p. 1207) studied how 

homegrown maritime sensors alongside systems contribute to improved maritime 

technology. Through their extensive partnerships with the Naval Physical Oceanographic 

Laboratory and the National Institute of Ocean Technology (NIOT) and other Indian 

institutions they conducted research to improve oceanographic instrumentation for defense 

and civilian purposes. Researchers within this study executed a methodology that involved 

developing and deploying local acoustic transducers together with sonar systems and 

underwater communication platforms. Researchers successfully developed wide-band, low-

frequency, high-powered underwater transducers alongside sonar systems that enhanced 

performance in shallow water environments. The study exposed how instrument 

performance suffers from alterations within ocean depths where temperature mixed with 

water salinity produces complex environmental conditions. The study from Rajapan et al. 

indicates that research should prioritize developing local versions of critical sensors CTD 

(Conductivity, Temperature, Depth) and ADCP (Acoustic Doppler Current Profiler) since 

current models are imported. Development of sensors domestically along with calibration 

facilities establishment would bring down costs and accelerate maintenance schedules which 

would help India advance its maritime technology capabilities according to their suggestion. 
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Carullo, Vallan, Astolfi, Pavese, & Puglisi (2015, p. 130) conducted research to evaluate the 

calibration processes and the estimation of uncertainty associated with vocal analyzers that 

utilize contact microphones. Their objective was to maintain the reliability of key 

parameters, including sound pressure level (SPL), fundamental frequency (F0), and voicing 

time percentage (Dt%), which are essential for diagnostic applications. The authors designed 

a new low-cost portable vocal analyzer, Voice-Care, utilizing an Electret Condenser 

Microphone (ECM) and developed specific calibration procedures for these parameters. 

Their approach included experimental tests comparing the Voice-Care system with the 

commercial APM device to confirm the accuracy of the calibration processes. The standard 

uncertainty for sound pressure level remained within 4 dB when a short sentence was used 

for calibration, but the verification methods revealed measurement errors approaching 5 Hz 

for fundamental frequency estimates, with a maximum acceptable error of 1% for Dt. The 

Voice-Care device demonstrates high reliability according to results obtained from clinical 

settings. Future research must focus on developing improved calibration procedures for 

lower uncertainty which will enable these methods to be used on various vocal analyzer 

devices to improve diagnostic accuracy in multiple clinical settings. 

The research by  Ali, Aditi, & Prasad (2023, p. 783) developed a piezoelectric acoustic 

sensor with aluminum nitride (AlN) to measure strong sound pressure levels (SPL) in aero-

acoustic testing. The researchers used coventorware MEMS-CAD platform to find the best 

silicon diaphragm thickness configuration which allowed devices with three distinct sizes 

(1.5mm x 1.5mm, 1.75mm x 1.75mm, and 2mm x 2mm) to reach a maximum SPL reading 

of 180 dB. The sensor having dimensions of 1.75mm x 1.75mm demonstrated optimal results 

with a 35 Hz cut-off frequency and an 83 kHz resonance frequency and 170 μV/Pa sensitivity 

in its flat band region. The authors described a production method while demonstrating the 

sensor could function effectively between 20 Hz and 20 kHz sound frequencies. Further 

enhancements of sensor design for multiple applications alongside alternative piezoelectric 

material investigations and better manufacturing techniques for improved capabilities and 

wider suitability constitute their proposal for future research. 
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2.2  Overview of acoustic sensors and microphones 

In scientific and industrial contexts, microphones play a critical role as transducers in various 

measurement applications. A microphone is an acoustic sensor that converts sound energy 

into electrical energy, which can then be amplified, digitized, displayed, and recorded for 

analysis. Due to the diversity of applications and environments, a range of microphone types 

has been developed to address specific demands in sound and noise measurement. 

Microphones intended for scientific or industrial use are often referred to as microphone 

sensors or transducers. (Sound measurement with microphone transducers, 2024.) 

2.2.1  Operating principles of microphones 

A microphone functions as a transducer, transforming sound waves into electrical signals. 

Among the various types, dynamic microphones are notable for their longevity and 

application. In a typical dynamic microphone, a diaphragm responds to incoming sound 

pressure, causing an attached coil to move within a magnetic field. This movement induces 

an electrical current that represents the sound wave, which can be further processed. 

Interestingly, if the transducer's function is reversed, introducing an electrical signal to the 

coil—the diaphragm will generate sound, effectively acting as a loudspeaker. (Dynamic 

microphones: how do they work insync, 2024.)  

2.2.2  Key microphone technologies and their application 

Modern microphone technologies are designed to cater to diverse applications, leveraging 

different physical principles for sound detection and measurement. The key technologies 

and their specialized applications are as follows: 

 

Dynamic microphones 

Dynamic microphones operate based on the principle of magnetic induction. In this process, 

a coil connected to a diaphragm moves within a magnetic field, causing the generation of an 

electrical signal. (Dynamic Microphones: How Do They Work? - InSync, 2024) in response 
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to sound waves. Dynamic microphones are durable and widely employed in entertainment, 

broadcasting, and public address systems. A dynamic microphone is shown in Figure 2. 

 

 

Figure 2. Dynamic microphone (Stagg SDM50 dynamic microphone, 2024). 

 

Condenser microphones 

Based on capacitance, these microphones use a diaphragm and a backplate configuration 

where sound pressure alters capacitance, producing an electrical signal. They are available 

in externally polarized and prepolarized variants and in various sizes tailored for specific 

frequency sensitivities. Condenser microphones are especially suited for applications 

requiring high sensitivity and precision, such as sound measurement and scientific research. 

 

Piezoelectric microphones 

These rely on piezoelectricity with crystalline materials generating an electrical charge when 

subjected to mechanical stress from sound pressure. Equipped with small amplifiers and 

often powered by an IEPE signal conditioner, these microphones are ideal for high-pressure 

or high-amplitude environments. 
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Figure 3. Contact microphone (LeafAudio - contact microphone 6,3mm (1/4") connector | 

150 | 100314-15, 2024). 

 

For specialized applications, a specific type of microphone must be used to ensure optimal 

performance. Sound measurement technologies vary depending on precision requirements 

and environmental conditions. Condenser microphones are highly valued for their accuracy 

and adaptability across a wide frequency range, while piezoelectric microphones are 

preferred in extreme environments due to their durability. For underwater sound detection, 

hydrophones as shown in Figure 4 with piezoelectric elements are specifically designed to 

withstand the high-pressure, high-density, and corrosive nature of water. In applications 

requiring three-dimensional sound mapping, array microphones, consisting of multiple units, 

enable spatial sound analysis, making them useful for wind turbine noise assessment and 

engine diagnostics. Meanwhile, MEMS (Micro-Electro-Mechanical Systems) microphones, 

known for their compact size, are commonly integrated into consumer electronics like 

smartphones, utilizing either condenser or piezoelectric technology for efficient and precise 

sound capture. 
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Figure 4. Hydrophone (Co.L.Mar, 2024). 

 

Selecting an appropriate microphone depends on the specific measurement environment, or 

response field, where the microphone will be deployed. The environment determines 

whether a free field (for open, reflection-free spaces), pressure-field (for closed 

environments), or random incidence (for environments with omnidirectional sound sources) 

microphone is needed. Key considerations include the microphone's bandwidth, maximum 

sound pressure level, dynamic response, and environmental resilience to temperature and 

humidity. Microphone specifications such as dynamic response, frequency response, signal-

to-noise ratio (SNR), and polar patterns are crucial. The dynamic range indicates the lowest 

and highest sound levels a microphone can accurately capture. The frequency response 

defines the range of frequencies the microphone can detect, while the SNR quantifies the 

proportion of sound signal to background noise. Polar patterns determine a microphone’s 

directional sensitivity, with designs such as omnidirectional, cardioid, and figure-of-eight 

patterns providing targeted or broad sound capture capabilities (Borwick & association of 

professional recording studios, 1980). 

2.3  Advances in laser doppler vibrometry for ultrasonic measurement 

Behrendt & Steger (2009, pp. 1707-1708) delved into the advancements in ultrasonic 

measurements through the application of laser doppler vibrometry, highlighting its benefits 
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such as consistent sensitivity across a broad frequency range and non-intrusive, high-

resolution spatial measurements. Their approach primarily utilized scanning LDVs and 3D 

scanning LDVs to capture and visualize sound waves in solids at solid-air interfaces, with 

applications demonstrated in concrete, air, and various industrial materials. The researchers 

demonstrated the efficacy of LDV in quality control, particularly in non-contact optical 

measurements for ultrasonic devices, providing a rapid, reliable analysis that has proven 

pivotal in minimizing erroneous rejections in quality assessments. Their findings revealed 

the potential of LDV in identifying structural damages in aircraft components using guided 

ultrasonic waves, presented as a straightforward, environmentally robust technique. The 

future research directions discussed include enhancing LDV applications to high-frequency 

measurements up to 600 MHz, which could revolutionize microstructure assessments in 

various technologies like RF-MEMS and acoustic filters. 

Liu, Yang, Xie, & Shan (2018, p. 16576) explored the impact of ultrasonic vibration on the 

fine titanium wire drawing process using two ultrasonically oscillating dies. They designed 

and manufactured ultrasonic vibrators to apply vibrations in opposite directions to the dies, 

and these vibrations' dynamic characteristics were analyzed using finite element analysis and 

specific instruments. Their experimental setup varied the drawing speeds (99–480 mm/s) 

and ultrasonic amplitudes (5.63–13.97 µm), and they measured the drawing forces and 

examined the surface characteristics of the wires using a scanning electron microscope. The 

study found that higher ultrasonic amplitude significantly reduced the drawing force, with a 

decrease of over 50% at the lowest speed and highest amplitude, while higher speeds 

generally increased the drawing force. Optimal conditions to reduce surface defects were 

achieved through operation at 480 mm/s speed alongside a 9.69 µm amplitude. The research 

provides an efficient and cost-effective green method to make fine titanium wires at ambient 

temperature exceeding standard industry approaches. Future research should combine 

studies on optimizing drawing speed with ultrasonic amplitude for various wire materials 

across multiple diameters as well as the study of ultrasonic vibration mechanisms involved 

in wire drawing operations.  

The examination of laser doppler vibrometry for non-contact ultrasonic transducer vibration 

analysis appears in (Johansmann & Wirth, 2012, p. 227). The research established an 

investigation into transducer motion patterns that serve numerous industrial and medical 

applications. LDV techniques analyze Doppler shifts of laser light reflected from vibrating 
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objects to deliver a reliable technique for assessing transducer performance without getting 

in the way of operations or requiring physical touch. Both single-point and scanning laser 

doppler vibrometry methods served to measure the vibrational attributes of ultrasonic 

transducers. The operational deflection shapes (ODS) mapping of transducers became 

possible through these techniques because they help optimize transducer design and enhance 

their efficiency during practical use. Detailed vibration measurements that precisely capture 

amplitude frequency and phase occurred with excellent success when researchers applied 

LDV to different transducer types according to study results. The research team promotes 

method evolution for LDV systems to achieve better performance matching diverse 

operational areas including underwater deployments and vacuum conditions. The 

combination of LDV with other diagnostic instruments provides strong potential to develop 

new diagnostic approaches and real-time monitoring of ultrasonic transducers that may result 

in groundbreaking advancements for transducer research. The development path holds 

prospects to enhance ultrasonic device precision and reliability which will affect numerous 

industrial sectors. 

Nutakor, Semken, Heikkinen, Sopanen, & Mikkola (2015, p. 1) conducted research on the 

damping properties of steel-sheet layered structures when compared to single-material steel 

plates through non-contact modal analysis. A detailed experimental configuration using 

SLDV optical vibrometry analyzed the damping ratios of sheet-steel stacks which were 

either bonded or not bonded. Different binding methods including bolting and riveting with 

steel or polymer as well as adhesive bonding had substantial impacts on the damping abilities 

of the structures according to study research. Using optical vibrometry yielded precise 

damping ratio measurements because they avoided the weight distortions which contact 

instrumentation traditionally produces. Future investigations should concentrate on both 

improving the experimental setup accuracy along with studying new binding procedures that 

enhance the damping capacity of layered systems. This research provides beneficial 

knowledge regarding complex layered material dynamic behavior through its development 

of a framework to study structural damping. 

Wang, Tyrer, Zhihong, & Shiquan (2007, p. 2621) carried out a study to develop advanced 

optical field measurement techniques for focused ultrasonic fields through the use of a 

scanning laser vibrometer. The study worked toward improving optical interferometry 

detection abilities for small-field measurements. The authors established an effective 
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refractive index algorithm that works for both planar and spherical waves. The research 

project applied simulated piezo-optic effects that depended on laser beam alignment to 

model ultrasonic fields from concave spherical transducers within their focus area The 

researchers integrated a membrane hydrophone system with a scanning laser vibrometer in 

their study to confirm the optical method’s ability to detect focused ultrasonic fields. 

Experimental findings confirmed that optical interferometry achieved precise acoustic field 

reconstruction together with predictions regarding transducer focal plane position and 

maximum pressure levels while determining the beam width. Modeling of the piezo-optic 

effect should be improved in future investigations along with studies of various acoustic 

fields and optical measurement precision enhancement. 

A polytec 3D laser scanning vibrometer served to measure high-power ultrasonic transducer 

vibrations according to (Lais, Lowe, Kanfoud, & Gan, 2017, p. 1). The vibrometer operated 

to determine both the amplitude and displacement of the transducers throughout the fouling 

removal experiments. The method delivered precise non-contact surface vibration 

assessments of the transducers to confirm that they produced necessary high-frequency 

ultrasonic vibrations for cavitation. Per the displacement monitoring data higher vibration 

amplitudes between the transducers led to superior fouling removal results. The researchers 

applied laser vibrometry as a dependable evaluation technique to monitor the transducers’ 

vibrational output during biofouling removal design optimization work. 

Similarly, resrarchers Salimi, Livadas, Teyeb, El Masri, & Gan (2023, p. 5) evaluated the 

vibration behavior of marinised transducers with a Polytec 3D-CLV Laser Scanning 

Vibrometer. The method provided precise displacement measurement in picometer range 

through non-contact detection of mechanical vibrations produced by transducers mounted 

on a plate. Testing took place with three different transducer mounting approaches: magnet-

based holders together with screws and horns. The vibrometer reported two displacement 

types: frequency domain FFT averaged measurements and time domain peak-to-peak 

results. This evaluation showed that the screw mount delivered better plate mechanical 

power but the horn mount created larger displacements in closer distance ranges. Marinising 

the system resulted in increased damping which lowered vibration efficiency so additional 

voltages became necessary to handle mechanical losses. 

The authors Salimi et al. (2023, p. 7) measured sound pressure levels generated by the 

transducers during operation with a porpoise hydrophone device. The measurement area 
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contained the hydrophone as part of a grid that used 14-meter row spacing and 4-meter 

column spacing. The researchers position the sound pressure data measurement equipment 

at different distances from the transducers through their designed setup. The hydrophone 

operated at -204 dB sensitivity but researchers added gain adjustments that achieved a 

maximum value of -158.26 dB. Researchers checked the transducer-generated sound levels 

using the hydrophone to verify marine-life safety by maintaining the SPL below 120 dB at 

25 meters from the source. The assessments of sound strength and exposure levels through 

these measurements served two purposes: environmental impact assessment and compliance 

evaluation of marine noise limitations. 

The laser doppler vibrometer generates highly detailed results from surface measurements 

but on the other hand a hydrophone provides new research opportunities in marine 

environments. A hydrophone offers excellent simplicity together with portability and 

adaptability for water sound pressure level measurement but falls short in precise mechanical 

displacement determination. A hydrophone enables measurements through a portable system 

which makes it suitable for analyzing conditions that require small equipment rather than 

bulky LDV instruments. Hydrophone systems allow seamless deployments across various 

underwater areas to record sound waves with basic installation needs which supports real-

time acoustic monitoring needs including marine noise regulation compliance verification 

processes. The device enables them to evaluate cavitation-based cleaning systems as well as 

other components of their utility domain. LDV faces operational constraints that prevent its 

use on dry environmental surfaces while hydrophones demonstrate no such limitations 

through capability to record data in all fluid media which enables measurement of ultrasound 

impacts across marine life along with underwater noise assessments. This versatile device 

combined with its user-friendly operation provides unmatched importance in scientific 

research and industrial applications that require portable and simple equipment. The 

researchers studied hydrophone usage as a contact microphone for ultrasonic vibration 

measurement within this project. 

.  
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2.4  Marine fouling: challenges and impacts 

Marine fouling poses significant challenges across various marine structures by increasing 

drag, reducing efficiency, and raising operational costs. Grasping the origins, consequences, 

and financial impacts of fouling is essential for creating successful prevention strategies in 

marine settings (Liang, Shi, & Li, 2024, p. 2). 

2.4.1  Fouling in the marine environment 

Fouling describes the undesirable buildup of marine organisms, such as plants, algae, 

bacteria, and animals S. Selim, I. Hamouda, A. Fatthallah, S. Mostafae, A. Higazy, Shabana  

(2023, p. 6) on the surfaces of submerged structures, as illustrated in Figure 5. This 

phenomenon primarily affects ships, but it also impacts other marine installations like buoys, 

pipelines, and underwater sound equipment. The organisms responsible for fouling tend to 

thrive in warm, nutrient-rich waters, and they attach themselves to surfaces when the ship is 

stationary or moving slowly through the water. Fouling begins with the formation of a slime 

layer composed of microorganisms, followed by the adhesion of larger organisms like 

barnacles, mussels, and algae. 

 

 

Figure 5. Fouling on ship (OpenAI, 2024). 
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Fouling happens primarily due to two factors: the availability of fouling organisms in the 

water Vinagre, Simas, Cruz, Pinori, & Svenson (2020, p. 3) and the conditions of the ship's 

movement. Ships in ports or areas with slower water flow are more susceptible to fouling 

because these conditions allow larvae and other marine organisms to attach themselves more 

easily. Fouling tends to be more severe in tropical and warm waters, where marine growth 

is more aggressive and year-round, as opposed to colder waters where fouling organisms 

may only flourish during warmer seasons. 

The fouling process starts when larvae of fouling organisms, like barnacles or mussels, attach 

themselves to the ship’s hull. Over time, layers of these organisms grow and create a rough 

surface, increasing drag and leading to the effects described below. Fouling organisms can 

also attach to underwater pipes, affecting their flow capacity, or even onto sound equipment, 

reducing the efficiency of naval and commercial sonar systems. (Kiil, Weinell, Yebra, & 

Kim, 2007, p. 181.) 

2.4.2  Effect of fouling on structure and equipment 

Fouling significantly impacts ship operations, primarily by increasing frictional resistance 

as the ship moves through the water, known as drag. This increased resistance leads to a 

range of problems, including: 

Reduced speed: The increased drag from fouling can reduce a ship’s speed by several knots. 

This effect is particularly detrimental for vessels where speed is critical, such as naval 

warships. In some cases, the loss of speed could negate the ship's strategic advantages. 

Increased fuel consumption: A ship with a fouled hull must burn more fuel to maintain the 

same speed as a clean ship. Studies show that fuel consumption can increase by up to 10% 

to 20% depending on the degree of fouling. For example, the British Admiralty calculates a 

1% increase in frictional resistance for every day the ship is out of dock in temperate waters, 

and in tropical waters, the increase is even faster. Over six months, a ship can see significant 

reductions in efficiency. (Liu, Kee, Shang, & Papanikolaou, 2023, p. 1.) 

Increased maintenance costs: Fouling necessitates regular maintenance, including dry-

docking to clean the hull and reapply antifouling coatings. The cost of cleaning and 

repainting a ship varies greatly depending on its size. For instance, a smaller vessel might 
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incur costs ranging from $1,000 to $15,000 per docking, while larger vessels like the 

Leviathan or Majestic might face cleaning costs of $100,000 (Liu, Kee, Shang, & 

Papanikolaou, 2023, p. 2). These figures do not include the opportunity cost of lost service 

time, which could be substantial for commercial vessels. 

Damage to machinery: Vessel machinery sustains injury from biological fouling that 

increases operational burdens on propulsion systems along with machinery equipment. 

Excessive strain from additional stress results in accelerated component deterioration that 

forces ships to replace their parts with greater frequency. The additional fuel use along with 

raised mechanical strain generates enhanced operational expenses. 

Increased docking time: The presence of fouling makes ships require increased docking time 

for cleaning so they spend less time conducting service. Ships must visit the dock for 

cleaning more often when they operate in waters with severe fouling which reduces their 

docking schedule from 18 months to 6 months. Listed vessels maintain in port positions for 

long durations become the most susceptible to severe fouling growth. 

2.4.3  Economic impact of marine fouling 

The expense of dealing with fouling runs into substantial financial amounts. The majority of 

financial expenses stem from higher fuel consumption required to push past resistance 

caused by fouling deposits. Shipping firms operating in the U.S. have yearly expenses 

exceeding $100 million for excess fuel and maintenance caused by fouling. Docking and 

cleaning a ship also incur significant expenses. The cost of dry docking and cleaning can 

range from $1,000 to $15,000 for small vessels, with large passenger liners incurring costs 

as high as $100,000 per docking. These expenses are compounded by the downtime required 

for cleaning, which can range from a few days to several weeks, during which time the ship 

cannot generate revenue. (Apostolidis, Kokarakis, & Merikas, 2012, p. 134.)  

Furthermore, improvements in antifouling paints and technology have contributed to 

reducing the financial burden of fouling to some extent. For example, ships coated with 

advanced antifouling paints can remain in service longer between dockings, thus saving both 

time and fuel. A modern ship coated with high-quality antifouling paint may stay nearly 
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clean for 12 to 28 months, reducing the frequency of docking and the need for cleaning. 

(Apostolidis, Kokarakis, & Merikas, 2012, p. 142.) 

2.5  Innovative solutions to mitigate marine fouling 

The development of innovative antifouling solutions is crucial to addressing the 

environmental and operational challenges posed by marine fouling. This section explores 

both conventional methods and modern techniques, highlighting their effectiveness, 

environmental impact, and future potential in sustainable marine maintenance. 

2.5.1  Conventional antifouling methods 

The antifouling process encompasses various methods and technologies aimed at preventing 

or reducing the accumulation of marine life, such as algae, barnacles, and mussels, on 

submerged surfaces. These surfaces include ship hulls, offshore structures, and other marine-

related equipments (Chaudhari & Murlidhar, 2017, p. 427). Marine biofouling, if left 

unchecked, increases drag on ships, leading to higher fuel consumption and reduced speed, 

while also causing damage to underwater structures.  

Traditional antifouling coatings have been widely used in marine applications to prevent the 

accumulation of biofouling organisms like algae, barnacles, and mollusks on ship hulls and 

other submerged structures. These coatings usually contain toxic substances, such as 

organotin (e.g., tributyltin, or TBT) and copper-based compounds, which are released 

gradually over time to inhibit the growth of marine organisms. The literature mentions 

studies showing that biofouling leads to significant operational inefficiencies, including 

increased fuel consumption and higher carbon emissions due to increased drag on ships. For 

instance, research conducted by Tobias Boren highlighted that a very large crude carrier 

(VLCC) could save over 39,000 metric tons of fuel and reduce CO2 emissions by 125,000 

metric tons over 15 years when coated with antifouling systems. (Buskens, Wouters, 

Rentrop, & Vroon, 2013, p.29.) 

However, these coatings have serious environmental impacts. Organotin compounds like 

TBT were found to cause severe damage to marine ecosystems, including inducing sex 
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changes in marine organisms such as sea snails. This led to the banning of TBT in 2008 

(Kiil, Weinell, Yebra, & Kim, 2007, p. 181). Similarly, copper-based antifouling paints, 

while still in use, are facing increasing restrictions, particularly in areas like San Diego and 

Washington. Numerous studies have shown that copper leaching from ship hulls contributes 

to significant marine pollution (Buskens, Wouters, Rentrop, & Vroon, 2013, pp. 29-31). As 

a result, there is growing interest in finding more environmentally sustainable alternatives. 

2.5.2  Modern antifouling techniques using ultrasonic transducers  

The modern approach to antifouling technology aims at developing benign invasive 

solutions that avoid harm to the environment. The antifouling process using ultrasonics 

employs sound waves that generate surface vibrations which stop marine organisms from 

attaching to surfaces. Through ultrasonic transducer-generated vibrations the water 

undergoes cavitation that prevents microorganisms along with small marine animals from 

sticking to surfaces. The creation of biofouling-resistant surroundings can be achieved by 

utilizing electromagnetic fields while hydrophobic coatings prevent organisms from gaining 

proper attachment surfaces. The new antifouling methods succeed in minimizing pollution 

while extending coating life and defeating biofouling threats which address a pressing 

marine industry requirement. 

Researchers explore HPUTs for their capability to develop powerfully oscillating vibrations 

required for cavitation processes. Lais et al. (2019) analyzed the design and optimization 

procedures for transducers with the purpose of achieving maximum vibration output for 

better biofouling removal. Lin, Xu & Hu (2011, p. 1419) suggested a new transducer system 

which uses simultaneous longitudinal and radial effects to improve cleaning performance.  

2.6  Technologies for ultrasonic vibration measurement: a comparative overview 

High-frequency sound and vibration analysis happens through ultrasonic vibration 

measurement devices which serve three main application domains: science, industry and 

acoustics. Multiple advanced ultrasonic vibration measurement devices are analyzed in this 

section starting with surface microphones that are cost-efficient up to high-performance 

accelerometers and ultrasonic microphones. These tools were created to address particular 
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frequency bands together with sound pressures and usability needs for automotive 

applications and industry inspections and wind tunnel experiments and broader testing 

needs. Among the described devices are the Cortado MkIII contact microphone alongside 

the PCB model 378C10 prepolarized pressure field microphone and Brüel and Kjær type 

4939 free-field microphone. Together with the PCB model 352A60 ceramic shear ICP® 

accelerometer, model 130B40 surface microphone and the MK 301 E + MP30 ultrasonic 

measurement microphone round out the selection. The selection of these tools stems from 

their capability to measure precisely in ultrasonic frequencies which makes them essential 

for research and analysis within high-frequency applications. 

2.6.1  Cortado MkIII contact microphone 

The Cortado MkIII contact microphone collects audible frequency vibrations that occur on 

contact surfaces. This contact microphone has numerous applications in sound design and 

experimental music because it works well in many environments. (Cortado MkIII contact 

microphone, 2024.) 

Type: Contact microphone (piezoelectric-based) 

Frequency range: 

• With bass boost: 23 Hz to 40 kHz 

• Without bass boost: 150 Hz to 40 kHz 

SPL measurement range: Not specified for ultrasonic measurements 

Usability: The Cortado MkIII is suitable for capturing vibrations from various surfaces such 

as wood, metal, and glass. However, it is not ideal for precise ultrasonic applications, as its 

frequency range extends up to 40 kHz—short of the 50 kHz threshold required for certain 

ultrasonic measurements. 
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2.6.2  PCB model 378C10 prepolarized pressure field microphone 

The PCB model 378C10 is a highly sensitive microphone designed for precise ultrasonic 

measurements in high-SPL environments, making it ideal for various industrial and scientific 

applications (Model 378C10 | PCB piezotronics, 2025). 

Type: Pressure field microphone with preamplifier (prepolarized, ICP®) 

Frequency range: 5 Hz to 70 kHz (±2 dB) 

SPL measurement range: Up to 173 dB SPL 

Usability: Suitable for high-frequency ultrasonic applications, including leak detection, 

gunshot analysis, and precision sound level measurements. Its frequency range and high SPL 

capacity make it well-suited for ultrasonic vibration measurements around 50 kHz. 

2.6.3  Brüel and kjær type 4939 free-field microphone 

This Brüel and kjær Type 4939 free-field microphone has a 100 kHz upper frequency range 

and excels at detecting high-speed vibrations through its operation at high SPL levels (Type 

4939 1/4" free-field microphone | Brüel and Kjær, 2024). 

Type: Free-field microphone (1/4 inch, externally polarized) 

Frequency range: 4 Hz to 100 kHz (±2 dB) 

SPL measurement range: 28 dB to 164 dB, with a maximum of 174 dB peak SPL 

Usability: This device provides excellence in measuring high-level sounds as well as high-

frequency operations especially for ultrasonic applications. Models benefit from this 

instrument for measurement tests because the instrument finds widespread application in 

controlled laboratory conditions for sound quality evaluation purposes beyond 50 kHz 

frequencies. 
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2.6.4  PCB model 352A60 ceramic shear ICP® accelerometer 

The PCB Model 352A60 ceramic shear ICP® accelerometer offers high-frequency vibration 

measurement capability and finds wide research and industrial applications for precise high-

frequency mechanical vibration detection. The Model 352A60 contains a ceramic shear 

sensing element which allows it to operate effectively across a wide spectrum of frequencies 

within harsh conditions  (Model 352A60 | PCB piezotronics, 2025). 

Type: Accelerometer (ceramic shear ICP®) 

Frequency range: This tool accepts signals from 5 Hz through 60 kHz which enables it to 

detect ultrasonic vibrations at the 50 kHz frequency range. 

SPL measurement range: The SPL measurement capability of this device remains 

unspecified since it demonstrates effective performance under high-frequency acceleration 

tests. 

Usability: The accelerometer finds its best use in machinery diagnostic and vibration 

analysis purposes along with ultrasonic vibration detection systems. This device excels at 

measuring precise high-frequency vibrations because of its designed high-frequency 

characteristics. The PCB Model 352A60 accelerometer provides exceptional value to 

applications which require dependable high-frequency vibration detection in industrial 

maintenance operations alongside structural health monitoring and scientific investigations 

that focus on ultrasonic applications. 

2.6.5  Model 130B40 surface microphone 

The Model 130B40 surface microphone is a prepolarized microphone designed specifically 

for measuring surface pressure. It operates using ICP® sensor power technology, 

simplifying integration with common accelerometers and force sensors, which reduces 

overall setup time and investment. (Model 130B40 | PCB piezotronics, 2024.) 

Type: Surface microphone (prepolarized, ICP®) 

Frequency range: 
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• ±3 dB: 20 Hz to 10 kHz 

• ±6 dB: 20 Hz to 20 kHz 

SPL measurement range: 32 dB(A) to 142 dB(A), with a maximum sound pressure level of 

150 dB 

Usability: The Model 130B40 surface microphone operates perfectly in situations requiring 

miniature-sized microphones like wind tunnel testing alongside automotive as well as 

aircraft noise testing and brake and tire noise analysis. 

This microphone reaches 3.2 mm in height so users can place it in tight areas and use it to 

mount flush against flat surfaces or curved surfaces. This microphone exhibits water-proof 

and dust-proof functionality which enables its usage in challenging outdoor situations. 

Therefore it provides dependable surface pressure recording capabilities. The microphone 

design provides functionality in limited areas where normal microphone models fail to fit 

and maintains performance stability under different environmental conditions. 

2.6.6  MK 301 E + MP30 ultrasonic measurement microphone 

The MK 301 E + MP30 ultrasonic measurement microphone exists to perform precise 

ultrasonic measurements in related applications. The system incorporates a dual set of MK 

301 E 1/4" microphone capsule alongside MP30 preamplifier to facilitate measuring 

operations targeting high-frequency as well as high-SPL requirements. (Ultrasound 

microphone set class1 industrial rrade – ROGA instruments, 2025.) 

Type: Ultrasonic measurement microphone. A capacitive pressure receiver equipped 

ultrasonic measurement microphone operates in this product. 

Frequency range: The microphone system unlocks 5 Hz to 100 kHz (±2 dB) frequency 

operations which enable precise ultrasonic detection. 

SPL measurement range: 35 dB(A) to 168 dB(A), with a maximum sound pressure level of 

168 dB for 3% distortion at 1 kHz 

Usability: This system has been designed specifically for conducting measuring tasks at high 

frequencies in various ultrasonic applications such as automotive acoustics and array 

measurements and envelope measurement methods. Users can connect the device through 
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BNC cables to DAQ systems powered by IEPE supplies. Standard sound pressure calibrators 

will enable operational adjustments for this microphone which uses prepolarized back-

electret technology to obtain high levels of precision and sensitivity in demanding acoustic 

measurements. The combination of MK 301 E + MP30 serves as an optimal device to 

measure ultrasonic frequencies accurately within a range of 100 kHz. Among high-

resolution acoustic setups the compact form factor of this device performs advantageously 

in array systems. 

Several ultrasonic vibration measurement devices have been evaluated in Table 1which 

details their main characteristics including device type and frequency range along with sound 

pressure level (SPL) measurement range and device price and usability. These devices serve 

distinct purposes because they exist between cost-effective contact microphones to high-

precision accelerometers and ultrasonic microphones that work in industrial and scientific 

domains. The table enables users to examine device specifications in order to find suitable 

equipment for different high-frequency ultrasonic measurement scenarios. 

 

Table 1. Available ultrasonic vibration devices 

Device name Type of device Frequency range 

SPL 

measurement 

range 

Usability 

Cortado MkIII 

contact microphone 

contact microphone 

(piezoelectric-based) 

23 Hz to 40 kHz 

(with bass boost), 

150 Hz to 40 kHz 

(without) 

Not specified 

Suitable for surface 

vibrations; not ideal for 

precise ultrasonic 

applications 

PCB model 378C10 

prepolarized 

pressure field 

microphone 

pressure field 

microphone with 

preamplifier 

(prepolarized, ICP®) 

5 Hz to 70 kHz 

(±2 dB) 

Up to 173 dB 

SPL 

Ideal for high-

frequency ultrasonic 

applications like leak 

detection 

Brüel and Kjær type 

4939 free-field 

microphone 

Free-field microphone 

(1/4 inch, externally 

polarized) 

4 Hz to 100 kHz 

(±2 dB) 

28 dB to 164 dB, 

Max 174 dB SPL 

Suitable for high-level, 

high-frequency 

measurements 

PCB model 352A60 

ceramic shear ICP® 

accelerometer 

Accelerometer 

(ceramic shear ICP®) 
5 Hz to 60 kHz 

Not specifically 

measured 

Ideal for machinery 

diagnostics and 

ultrasonic vibration 

detection 

Model 130B40 

surface microphone 

Surface microphone 

(Prepolarized, ICP®) 

20 Hz to 10 kHz 

(±3 dB), 20 Hz to 

20 kHz (±6 dB) 

32 dB(A) to 142 

dB(A), Max 150 

dB 

Used in wind tunnel 

testing, automotive, and 

aircraft noise testing 

MK 301 E + MP30 

ultrasonic 

measurement 

microphone 

Ultrasonic 

measurement 

microphone  

5 Hz to 100 kHz 

(±2 dB) 

35 dB(A) to 168 

dB(A), Max 168 

dB SPL 

Designed for high-

frequency ultrasonic 

measurements in 

automotive and arrays 
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3  Theory and methodology: technical framework and experimental 

procedure 

This section details the theoretical foundation along with the methodological approach 

toward designing and developing an accurate device for steel beam ultrasonic sound pressure 

level evaluation. The research analyzes the concepts of sound pressure levels as well as 

ultrasonic transducer functioning while detailing vibration measurement obstacles. The 

experimental methods concentrate on equipment setup and selection of proper measurement 

tools while emphasizing the development of improved measurement instruments together 

with optimized contact-based procedures to handle past detection issues.  

3.1  Theoretical background on sound and sound pressure level 

Understanding the theoretical background of sound and sound pressure levels is essential for 

accurate acoustic measurements. This section provides an overview of fundamental sound 

properties, the decibel scale, and the significance of sound pressure levels in various 

applications. 

3.1.1  Sound: theoretical framework  

Sound as shown in Figure 6 is a mechanical wave caused by a vibrating source, which travels 

through a medium such as air, water, or solid materials. This wave consists of alternating 

compressions and rarefactions in the medium's particles. Key characteristics of sound 

include frequency, amplitude, wavelength, and speed (Larsen, Wahlberg, Brown, & Riede, 

2017, p. 32): 

1. Frequency (f): The number of vibrations per second, measured in Hertz (Hz), 

defining the pitch of the sound. 

2. Amplitude (A): Determines the loudness or intensity of the sound. 
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3. Wavelength (λ): The distance between consecutive compressions, measured in 

meters. 

4. Speed (v): The velocity at which sound moves through a medium. In air at 20°C, 

sound travels approximately 343 m/s. The relationship among these parameters is 

given by: 

 

v=f⋅λ                                                                           (1) 

 

These properties set the foundation for understanding sound measurement and the perception 

of sound in different environments (Kinsler, Frey, Coppens, & Sanders, 2000, p. 5). 

 

 

Figure 6. Wave characteristics: wavelength and amplitude representation 

3.1.2  Decibels and decibel scale 

The decibel (dB) is a unit that expresses the ratio of two quantities on a logarithmic scale, 

commonly used for acoustic measurements. For sound intensity levels, the general formula 

is (Crocker, 1998, p. 159): 

 

Lebel (dB)=10∙log
10

(
I

Iref
)                                                          (2) 
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where 𝐼 is the sound intensity (power per unit area). Iref is the reference sound intensity, 

typically 10
-12

 W/m2 

3.1.3  Sound measurement and units 

Sound is typically measured in terms of its pressure variations within a medium, as this 

directly correlates to the perceived loudness. The amplitude of the pressure fluctuation 

relative to a reference level is measured in decibels (dB). Sound pressure is quantified with 

specific measurements. 

 

Sound pressure  

Sound pressure (ψ) is the local variation in pressure from the surrounding atmospheric 

pressure due to a sound wave. Sound pressure is a root-mean-square (RMS) value, typically 

expressed in Pascals (Pa). The formula for RMS sound pressure is (Sujatha, 2023, p. 164): 

 

ψ
rms

=√
1

T
∫ ψ(t)

2T

0
 dt                                                                       (3) 

 

Where T is the time period measured in second (s), ψ(t) represents the instantaneous sound 

pressure as a function of time, measured in pascals (Pa). 

 

Sound pressure level  

Sound pressures and intensities are often represented using logarithmic scales, which are 

referred to as sound levels. These scales are chosen because they help simplify the vast range 

of sound pressures and intensities typically found in acoustic environments. For instance, 

audible intensities can vary significantly, spanning from roughly 10
-12

 to 10  W/m
2
 (Sujatha, 

2023, p. 165). Logarithmic scales effectively compress this vast range into manageable 

values, making it easier to compare different sound intensities. This scale is also consistent 
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with human perception, as people tend to perceive sound intensity changes based on ratios 

rather than absolute differences. 

The most widely used logarithmic scale for describing sound levels is the decibel (dB) scale. 

The intensity level (IL) of a sound with intensity 𝐼 is expressed as (Sujatha, 2023, p. 165): 

 

IL=10log (
I

Iref

)      (4) 

 

where Iref is the reference intensity, and the intensity level is measured in decibels relative 

to this reference intensity (dB re Iref). 

Moreover, it is established that the intensity and effective pressure of sound waves are related 

by the equation (Sujatha, 2023, p. 166): 

 

          I=
Pe

2

ρc
    (5) 

 

where Pe represents the effective pressure of the sound wave, ρ is the density of the medium, 

and c is the speed of sound in the medium. Using this relationship, the intensity level can be 

translated into sound pressure level (SPL) as follows (Sujatha, 2023, p. 167): 

 

SPL=20log (
Pe

Pref

)   (6) 

 

Here, the SPL is expressed in decibels relative to a reference pressure Pref, which is typically 

the standard reference pressure for air, Pref=20 μPa. 

This formula is widely used in scientific disciplines to quantify the effective pressure of 

sound waves, providing a standard way to express sound pressure levels across different 

environments and applications (Kinsler, Frey, Coppens, & Sanders, 2000, p. 15). 
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Reference levels and units in SPL: Different reference pressures are encountered depending 

on the acoustic medium (Kinsler, Frey, Coppens, & Sanders, 2000, p. 15). For instance, in 

the air, the reference pressure is 20 μPa, equivalent to 10
-12

 W/m2  and in water alternate 

reference values like 1 μPa are often used. 

3.1.4  Sound pressure level in acoustic measurements 

SPL is the standard metric for expressing sound levels in various fields, from environmental 

noise assessments to speaker and room acoustics. SPL provides a way to measure and 

quantify the acoustic impact within a specific environment. For example, typical SPL levels 

in common scenarios as shown in the Figure 7 and Table 2. 

 

Table 2. Recommended SPL standard (Birgitta, Thomas & Dietrich, 1999, pp. 10-16). 

Environment Recommended noise level 

Outdoor Living Areas 55 dB 

Residences (Daytime) 35 dB 

Bedrooms 30 dB 

Schools/Preschools 35 dB 

Playgrounds 55 dB 

Hospitals 30 dB 

 

SPL measurement is commonly utilized in environmental noise monitoring, audio 

engineering, and hearing protection design, allowing for effective assessment and mitigation 

of noise pollution and sound-related hazards. 
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Figure 7. Decibel range comparison (Decibel comparison, 2023). 

3.2  Experimental setup for vibration measurement 

This section describes the experimental setups used to measure vibrations in a steel beam, 

utilizing ultrasonic transducers and piezoelectric drivers. The setup details, device 

specifications, and measurement techniques provide insights into the process of vibration 

generation and sound pressure level analysis. 

3.2.1  Experimental setup 1 

Primarily the experimental setup Figure 8 involves generating ultrasonic vibration in a steel 

beam. This was done by an ultrasonic signal producing signal box which is shown in Figure 

9. It runs an ultrasonic transducer which vibrates the steel beam. A schematic of experimental 

setup 1 is shown in Figure 8. 

 

 

Figure 8. Schematic diagram of experimental setup 1 
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Figure 9. Ultrasonic signal producing box 

3.2.2  Experimental setup 2 

This experimental setup 2 as seen in Figure 10 involves generating controlled vibrations on 

a steel beam in an ultrasonic frequency range using a piezo drive. The piezo drive is 

controlled by computer software. Then sound pressure level (SPL) is measured from the 

steel beam by different measurement processes. Then these processes are compared and 

analysed. 

 

 

Figure 10. Schematic diagram of experimental setup 2 
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In the following sections different devices that have been used for the experiment is 

discussed. 

3.2.3  Piezo drive PDUS210 

The PDUS210 as shown in Figure 11 is a high-performance ultrasonic driver engineered for 

precise and high-power ultrasonic actuator applications, delivering up to 210 watts of power.  

Its advanced features include capabilities “such as high-speed resonance 

tracking of both series and parallel resonance modes, vibration amplitude 

control, pulsed excitation, frequency modulation, and analysis functions such 

as impedance and frequency response measurement. The PDUS210 generates 

a pure sine-wave output which is ideal for operating at the electrical parallel 

resonance, or ‘anti-resonance’. This operating point is close to the mechanical 

resonance frequency but is less sensitive to changes in load dissipation, which 

is useful in precision machining applications where constant vibration 

amplitude is desired” (PDUS210, 2025).  

Consequently, it offers significant advantages for precision machining tasks that require 

consistent and stable vibration amplitude. (PDUS210 Ultrasonic driver - PiezoDrive, 2024.) 

 

 

Figure 11. PDUS 210 ultrasonic drive 

3.2.4  Ultrasonic transducer 

The Shipsonic transducer which is presented in Figure 12 is a cutting-edge solution for 

protecting vessels from biofouling and surface degradation. Designed to generate 

exceptionally high sound pressure, these transducers are too powerful to be glued 
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traditionally. Shipsonic has patented an installation method where the transducers are bolted 

onto welded rings, ensuring stability and efficient signal transmission without the risk of 

loosening due to vibrations or corrosion. Available in three power models—80W, 100W, 

and 120W—Shipsonic offers customized plans tailored to the specific size of the vessel and 

installation space, ensuring effective protection across various vessel types and sizes. 

Shipsonic transducers are compact, making them ideal for box coolers and other confined 

spaces, and are available in IP67 and IP68 versions for added waterproof durability. By 

combining different transducer types, Shipsonic achieves a broad range of resonance 

frequencies, enhancing protection and adapting to various fouling threats. These transducers 

can be mounted on both flat and curved surfaces, furthering their versatility. (Ultrasonic 

antifouling | Transducers, 2024.) 

 

 

Figure 12. Ultrasonic transducer 

3.2.5  Steel bar for ultrasonic testing 

A hollow rectangular steel beam having 6 meters length was set up with two simple supports. 

The beam cross-section has the dimension of 85×40×10 mm (height × width × wall 

thickness). Then a transducer was mounted on the steel bar using a nut joint, which was 

illustrated in Figure 12. A signal from the control box made the transducer vibrate, which 

caused the bar to vibrate in the ultrasonic range. There are six measurement points as shown 

in Figure 13  distributed on the beam. Vibration measurement was taken for each point. All 
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the dimension of the bar along with the location of measurement point is shown in Figure 

13. 

 

 

Figure 13. Dimension and measurement point on the steel beam (schematic), all  

measurement in the figure is in mm. 

3.3  Measurement devices and techniques 

The ultrasonic vibration of the steel bar was measured in decibels (dB) using two different 

devices, with their results compared for validation. This section outlines the measurement 

devices and techniques employed in the experiment, detailing the equipment specifications, 

measurement methods, and the role of coupling materials in ensuring accurate and reliable 

vibration data. 

3.3.1  Laser doppler vibrometer: precision measurement 

Figure 24 shows a laser doppler vibrometer which is a non-contact optical instrument used 

for measuring the velocity and displacement of vibrating surfaces by analyzing the doppler 

shift of laser light. It is particularly useful for ultrasonic vibration measurement in the 18 

kHz to 48 kHz range, providing high precision and the ability to detect sub-micrometer 

displacement amplitudes without altering the dynamic behavior of the test object. The 

system supports measurement ranges from 0.02 µm/s to 20 m/s and a frequency range up to 

24 MHz, depending on the configuration (Laser doppler vibrometers, 2024). 
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LDVs are extensively used in experimental validation of finite element models (FEMs), 

where real-time vibration data is compared with numerical models to refine simulation 

accuracy. They are also utilized in non-destructive testing (NDT) for assessing material 

integrity in industries such as aerospace, automotive, and civil engineering (Behrendt & 

Steger, 2009, p. 1707). LDVs can do precise measurements of ultrasonic transducers along 

with actuators along with sensors which leads to correct performance evaluation outcomes. 

The accuracy of measurements in industrial environments requires vibration-damping 

mounts together with temperature-controlled environments due to challenges from 

mechanical vibrations and air turbulence and temperature variations. 

3.3.2  Hydrophone: contact-based measurement 

The Hydrophone TC4013 as captured in  Figure 14, developed by Teledyne 

RESON, is a high-sensitivity miniature reference hydrophone designed for a broad spectrum 

of acoustic measurement applications. It offers a usable frequency range from 1 Hz to 170 

kHz, making it ideal for detecting ultrasonic vibrations. The hydrophone delivers consistent 

omnidirectional sensitivity in both horizontal and vertical planes, maintaining accurate 

measurements across its entire operational range, even at high frequencies. (RESON TC4013 

- hydrophone,2024.) 

The hydrophone operates based on the principle of converting pressure changes in the 

medium into electrical signals through its piezoelectric elements. Its receiving sensitivity is 

-211 dB ± 3 dB re 1V/µPa, which indicates its ability to detect small pressure variations 

effectively (RESON TC4013 - hydrophone,2024). Additionally, the hydrophone can serve 

as an omnidirectional reference projector with a transmitting sensitivity of 130 dB ± 3 dB re 

1µPa/V at 1m at 100 kHz (RESON TC4013 - hydrophone,2024). This dual functionality 

makes it versatile for both receiving and projecting sound in laboratory and industrial 

settings. 

Encapsulated in specially formulated NBR (Nitrile Butadiene Rubber), the TC4013 

hydrophone is resistant to sea and freshwater as well as oil, ensuring durability and stability 

under various conditions. However, it has limited resistance to certain chemicals such as 

petrol, strong acids, and specific hydrocarbons, which necessitates careful handling in 

environments where these substances are present. 
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 Figure 14. Hydrophone (TC4013)  

 

The authors used a hydrophone to measure the ultrasonic transducer-generated steel beam 

vibrations. The main task in this application requires converting a specialized device 

intended for underwater acoustic detection to perform measurements on solid materials. A 

magnetic holder contains the hydrophone device. The vibration measurement occurs once 

the magnetic holder is applied onto the steel beam. 

The Shipsonic UltraTester DSP 1.4 shown in Figure 15 served as a device to measure 

ultrasonic transducer performance by analyzing their emitted energy from 18 kHz to 48 kHz. 

The device improves measurement range and with a wider frequency bandwidth which 

allows both higher operational efficiency and user-friendliness. Users benefit from the MIX 

and BLK modes that enable them to adjust frequencies either to audible ultrasound range or 

to convert the complete ultrasonic spectrum into audible frequencies. An automatic volume 

control system in the tester delivers clear hearing for soft and loud signals through displays 

that show sound pressure level measurements. The device possesses a magnetic hydrophone 

holder that delivers precise measurement but users can still operate it without the holder 

when they need to monitor water or surfaces directly. The device shows two SPL readings 

that display peak and average waves and tracks real-time data on a scrolling graph. Two 

LiPo batteries power the UltraTester DSP 1.4 to operate continuously for more than one hour 

before they need recharging. The device possesses an auto power-off function to save battery 

charge. The efficient tool meets the requirements of biofouling prevention monitoring 

because it provides specific ultrasonic readings for effective transducer performance. 

 



52 

 

 

Figure 15. Ultra tester measurement device 

 

3.3.3  Contact microphone configuration  

During this experiment researchers used two different settings for contact microphone 

operation. These are the following: 

 

Contact microphone with no clearance 

A magnetic holder according to Figure 16 serves as a precision tool which securely fits 

hydrophones to function as contact microphones. This accessory serves as the main tool for 

correct sound and vibration measurements through its ability to maintain stable attachment 

to steel or ferromagnetic surfaces. The central bore receives precise manufacturing to 

provide a secure hydrophone hold thus enabling the system to collect vibrations or acoustic 

signals properly. Reliable contact along with stable measurements become possible because 

this tool enables optimal hydrophone operation for essential applications. 
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Figure 16. Magnetic holder (with no clearance) 

 

The magnetic holder uses a magnetized base that ensures safe attachment to steel surfaces. 

The magnetic base ensures proper alignment and removes operation risks of slippage which 

results in improved measurement precision and repeatability. The device finds its best use 

in conditions involving metallic measurement surfaces such as machinery components and 

ships alongside industrial pipelines. The magnetic holder provides steady contact between 

hydrophones and surfaces to capture elaborate data stemming from its application across 

structural health monitoring plus vibration analysis as well as acoustic testing. 

 

Contact microphone with clearance  

The improved design extends the internal space in the holder and incorporates ultrasonic 

coupling fluid. Better impedance matching between hydrophone and steel beam emerges 

from the use of coupling liquid which enhances measurement consistency. The hydrophone 

will find its position under the liquid allowing it to remain apart from the steel surface while 

reducing measurement issues. 

The magnetic holder receives a precision-based redesign to optimize accuracy by providing 

larger internal area that fits both the hydrophone and ultrasonic coupling liquid. The 

SolidWorks-design incorporates proper hydrophone positioning to avoid contact with the 

steel beam. The designed holder accounts for 20 millimeter clearance to ensure complete 
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submergence of the hydrophone inside the coupling liquid. Stainless steel material constructs 

the holder by simultaneously providing durability and magnetic grip functions to ensure 

steady connection to steel surfaces. The holder features an unobstructed smooth interior 

combined with fully-deburred edges to avoid disrupting the hydrophone and the 

measurement process. 

The magnetic holder functionality receives an improvement through the addition of a rubber 

cap for stability. The rubber cap matches the holder top to create an effective seal that stops 

the ultrasonic coupling liquid from escaping. The durable rubber-made cap displays 

excellent resistance to both temperature changes and external vibrations. Implementation of 

the cap helps stabilize the hydrophone within fluid to maintain constant impedance matching 

and prevent instrument displacement during measurement operations. A critical aspect for 

maintaining consistent pressure exists because it prevents external factors from affecting the 

experimental accuracy. 

The chosen acoustic medium for this application is C12 ultrasonic coupling fluid with CF12 

Soundsafe which serves as Figure 17 demonstrates. CF12 ultrasonic coupling fluid offers a 

specialized formulation for multiple orientations such as overhead and vertical and 

horizontal setups in demanding situations. The acoustic coupling capabilities of CF12 

Soundsafe improve through its high humectant content that slows drying while raising 

acoustic impedance and promoting transducer lubrication. The properties help users perform 

precise consistent measurements when conducting ultrasonic vibration analysis. 

The ferrous corrosion inhibitors in CF12 Soundsafe rate at 75% relative effectiveness 

according to specifications. The hydrophone along with the steel beam benefit from 

combined protection against corrosion because of this innovative feature. The operating 

temperature range of the fluid extends from 0° – 200° F so that it can be used in various 

environmental conditions. The material works with the majority of metals and composites 

yet should not be applied directly to untreated magnesium or magnesium alloys. 

CF12 Soundsafe inserted in the magnetic holder creates an effective decoupling of the 

hydrophone from the steel surface to achieve better impedance matching and improved 

reliability of ultrasonic sound pressure level (SPL) measurements. The coupling fluid creates 

a suitable transmission pathway for accurate data acquisition through ultrasonic waves. 
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Figure 17. Ultrasonic gel 

 

The device assembly and schematic illustration shown in Figure 18 where the redesigned 

magnetic holder's structural components and their placement layout can be observed in 

detail. The three essential components of the assembly contain a magnetic holder 

accompanied by a rubber cap and a hydrophone based on the illustrations. 

 

 

Figure 18. 3D design of magnetic holder (new)  



56 

 

The magnetic holder consists of stainless-steel material which provides strength as well as 

solid bonding to the steel beam structure. The internal hole within the structure received 

precise manufacturing to compensate for the size of the hydrophone along with the acoustic 

gel. A conically shaped base on the holder securelocks the hydrophone properly and 

maintains correct orientation. 

The rubber cap establishes a tight seal on top of the magnetic holder to stop any fluid from 

escaping out of the coupling liquid. The rubber cap not only protects the hydrophone from 

leaks but also creates stabilization which decreases the impact of environmental disturbances 

faced by the holder during placement operations. 

The hydrophone rests inside the magnetic holder after it is placed inside CF12 Soundsafe 

ultrasonic coupling liquid for proper acoustical relationship. Due to the assembly setup the 

hydrophone maintains proper distance from the steel surface that decreases unwanted signal 

degradation and enhances measurement precision. 

The Figure 18 represents how the hydrophone gets enclosed within the magnetic holder 

together with a rubber cap according to various views. An optimal level of performance 

occurs during ultrasonic testing because the rubber cap provides precise alignment and 

airtight sealing that minimizes outside factor effects. The illustrated assembly configuration 

in Figure 19 enables users to easily remove and install the hydrophone without impacting 

the experimental setup's quality during vibration tests. 

 

 

Figure 19. Different views of the redesigned magnetic holder: (left) top view showing the 

clearance hole and fastening screws, (middle) side view displaying the machined surface, 

and (right) bottom view showing the attached magnet 
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3.4  Measurement process 

This section describes the measurement process employed to assess ultrasonic vibrations in 

a steel beam using both contact-based and non-contact techniques. It details the step-by-step 

procedure for data collection, including the use of hydrophone configurations, laser doppler 

vibrometry, and sound pressure level analysis across multiple measurement points. 

3.4.1  Measurement with ultra tester and different contact microphone configuration 

Figure 20 shows how the hydrophone was inserted into the magnetic holder, which served 

as a contact microphone for vibration measurements. 

In Design 1, the magnetic holder without clearance was used, and the hydrophone was 

inserted directly into the holder. In Design 2, the magnetic holder with a clearance (11 mm 

hole) required ultrasonic gel to be poured into the holder before carefully inserting the 

hydrophone. Once positioned, the cap was secured and tightly screwed in place.  

 

 

Figure 20. Hydrophone as a contact microphone (design 1 and 2) 

 

The vibration measurement was conducted by directly attaching the magnetic holder to the 

vibrating steel bar which is illustrated in Figure 21. Measurements were taken at six different 

points on the steel bar, and the sound pressure level was recorded at various frequencies for 

analysis. This is shown in Figure 22. 
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Figure 21. Magnetic holder while taking measurement 

 

 

Figure 22. Sound pressure level measurement display 

3.4.2  Non-contact optical measurement with laser doppler vibrometer 

The Polytec scanning vibrometer  is a scanning laser doppler vibrometer  designed for non-

contact measurement of vibration velocity and displacement by scanning a surface point by 

point. The system consists of a scanning head, which houses the interferometer and beam 

deflection mirrors, a controller, and a data acquisition unit. It employs a Mach-Zehnder 

interferometer to detect velocity and displacement by analyzing the doppler shift in the 
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reflected laser light. (Laser doppler vibrometers, 2024.) The processed interferometer signals 

are then transferred to a computer for visualization and analysis using PSV software. 

The front-end electronics process the interferometer signals to decode them into velocity 

data. The measurements are transferred to a computer for processing and visualization using 

the PSV software. 

 

 

Figure 23. Configuration of LDV setup (Nutakor, Semken, Heikkinen, Sopanen, & 

Mikkola, 2015, p. 4). 

 

In operation, the LDV uses a helium-neon laser as illustrated in Figure 23 to direct a linearly 

polarized beam at the test surface. The beam is split into two components: an object beam 

and a reference beam. After reflecting off the test surface, the object beam undergoes a 

frequency shift and is combined with the reference beam. The resulting interference is 

captured by a photo-detector, which produces electronic signals corresponding to the 

velocity and displacement of the surface. (Nutakor, Semken, Heikkinen, Sopanen, & 

Mikkola, 2015, p. 1.) The system typically measures surface velocities from 0.02 µm/s to 20 

m/s, with a frequency range up to 24 MHz, depending on the equipment setup. (Nutakor, 

Semken, Heikkinen, Sopanen, & Mikkola, 2015, p. 2.) 

In this study, excitation is provided by a transducer, and vibration levels are measured in 

terms of sound pressure levels  across a frequency spectrum. The SPL values, typically in 

decibels (dB), will be monitored for different frequency ranges to assess the behavior of 

the steel beam under the applied excitation. 
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Figure 24. Experimental setup 

 

Vibration was measured at single points of the test specimen at various frequencies. In the 

steel beam as illustrated in Figure 13, there were 6 measurement points, and vibration was 

measured for each point separately for a range of frequencies (18 to 48 kHz). Figure 25 

shows the process of single point measurement. 

 

 

Figure 25. Scanning head orientation for single-point measurement 
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The frequency spectrum obtained from these measurements enables the analysis of vibration 

behavior in terms of acoustic energy at different frequencies. To ensure high-quality data, 

factors such as frequency resolution, signal averaging, windowing techniques, and coherence 

are considered during data processing.  

The experimental setup consists of the PSV-500 scanning head as shown in Figure 26, a 

geometry scan unit, a data acquisition system (DMS), and the PSV software for data analysis. 

The setup is configured to measure vibration velocities and compute the corresponding SPL 

for various excitation frequencies. 

 

 

Figure 26. 1D PSV-500 and OFV-505 sensor head (Nutakor, Semken, Heikkinen, 

Sopanen, & Mikkola, 2015, p. 8). 

 

Each test specimen is suspended to approximate free-free boundary conditions, and a non-

aqueous developer is used on the surface to enhance scattering properties and improve signal 

clarity. The vibration measurements are then analyzed using the PSV software, and the 

results are used to estimate the modal parameters of the test structure, including damping 

and natural frequencies. 
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4  Result and discussion  

A detailed investigation of ultrasonic vibration testing on a steel beam via two experimental 

frameworks is presented in this section. The ultrasonic signal-producing box in the first setup 

demonstrated unstable frequency output that resulted in unpredictably changing SPL 

measurement results. The experiment with the piezo drive system delivered reliable 

vibration readings that permitted testing two magnetic holder designs. The research with its 

supporting heatmaps together with statistical information and laser doppler vibrometer 

comparisons demonstrates that the new magnetic holder design enhanced by coupling fluid 

provides both stability and lower variation while achieving better impedance matching over 

the entire measured frequencies. 

4.1  Measurement case study 1  

In Experimental setup 1, ultrasonic vibrations were generated in a steel beam using an 

ultrasonic signal-producing box (Figure 8). This setup comprised an ultrasonic transducer 

driven by the signal box to excite the steel beam at ultrasonic frequencies. The sound 

pressure level was measured at various points on the beam to analyze the vibrational 

response. A schematic diagram of the experimental setup is shown in Figure 8. 

The main purpose of this experiment focused on determining SPL variations at multiple 

locations across the beam within an extensive frequency interval (18 kHz to 48 kHz). The 

experimental setup assessed the beam vibrations under different frequencies that the 

ultrasonic signal box generated. 

The obtained SPL data showed important inconsistencies during the measurement period. 

The recorded values showed fluctuations in a 20 dB range from 115 dB to 135 dB when 

measured at each point as shown in Table 3. The result fluctuations occurred due to the 

unpredictable frequencies produced by the ultrasonic signal-producing box. The inconsistent 

frequencies produced by the signal box triggered beam vibration amplitude fluctuations that 

made the signal unpredictable. 
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Table 3. Measurement in case study 1 

Measurement 

Point 
Measured SPL  

1 101 109 115 119 123 127 

2 105 109 117 127 133 134 

3 109 106 132 115 104 134 

4 135 115 108 117 126 105 

5 109 120 107 112 116 102 

6 119 125 127 133 109 116 

 

The experimental equipment exhibited limitations because the ultrasonic signal box 

produced signals with insufficient frequency control which caused inconsistent resonance 

patterns throughout the beam. Achieving consistent SPL measurements and precisely 

analyzing the beam vibration became difficult because of these irregularities of the system. 

The experiment became less reliable since there was no method to track and stabilize the 

resonance signals. 

This investigation demonstrated the drawbacks of using unregulated frequency generators 

which included the ultrasonic signal-producing box for vibrational analyses. The steel beam 

showed responses to ultrasonic excitation through the experimental setup yet the irregular 

measurement data proved the necessity for controlling the system to achieve reliable results. 

4.2  Measurement case study 2  

The implementation of a piezo drive enabled more reliable SPL measurements in 

Experimental Setup 2 to replace the problematic measurements during Experimental Setup 

1. The piezo drive system exchanged the ultrasonic signal box for a professional high-

performance controller that generated accurate vibrations on the steel beam. Application 

software maintained the stability and constancy of the frequency output from the piezo drive 

that is depicted in Figure 11. 

The PDUS210 piezo drive delivers superior performance through its features of rapid 

resonance detection and vibration amplitude regulation as well as precise sine-wave output. 

The system functioned at the beam's mechanical resonance frequency through this capability 
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which produced stability and delivered uniform vibration amplitudes under different 

experimental conditions. 

Integration of the piezo drive system solved the problems of inconsistent frequency output 

that experimental Setup 1 previously experienced. The piezo drive system produced 

continuous and steady frequencies that removed the unstable signal patterns generated by 

the ultrasonic signal box. SPL measurements acquired consistency and reliability because 

the new method exhibited no measurement fluctuations at any points along the beam (see 

Figure 22). The stable vibration control provided by the piezo drive allowed precise 

measurement analysis because it generated consistent amplitude output. 

High-quality SPL data collection became feasible due to the precise control features of the 

piezo drive system over beam vibration. Through setup execution the research avoided signal 

variations before they could affect experimental data and ensure testing accuracy and 

reliability. 

4.3  Sound pressure level for six measurement points 

The following figures present and evaluate sound pressure level (SPL) readings collected 

from points one through six on magnetic holder design 1 alongside the implemented 

magnetic holder design 2 throughout the 18–48 kHz frequency band. The first design of the 

magnetic holder  existed prior to its updated counterpart without clearance implementation. 

The latest model of magnetic holder includes an 11 mm diameter hole with 3 mm clearance 

while utilizing CF12 coupling fluid to achieve better performance levels. 

4.3.1  Sound pressure level measurement for a specific point 

In the following Figure 27 to Figure 32, the sound pressure level (SPL) for both magnetic 

holder design 1 and magnetic holder (new) design 2 are displayed across the frequency range 

of 18 kHz to 48 kHz. These figures illustrate the comparative performance of the two designs 

in capturing sound pressure levels at different measurement points along the steel beam 

under ultrasonic excitation.  
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Figure 27. Sound pressure level of measurement point 1 using magnetic holder 1 and 

magnetic holder 2 

 

 

Figure 28. Sound pressure level of measurement point 2 using magnetic holder 1 and 

magnetic holder 2 
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Figure 29. Sound pressure level of measurement point 3 using magnetic holder 1 and 

magnetic holder 2 

 

 

Figure 30. Sound pressure level of measurement point 4 using magnetic holder 1 and 

magnetic holder 2 
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Figure 31. Sound pressure level of measurement point 5 using magnetic holder 1 and 

magnetic holder 2 

 

 

Figure 32. Sound pressure level of measurement point 6 using magnetic holder 1 and 

magnetic holder 2 
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Figure 33. Magnetic holder 1 sound pressure level measurement for 6 measurement points 

 

 

Figure 34. Magnetic holder 2 sound pressure level measurement for 6 measurement points 
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The sound pressure level (dB) for the frequency range from 18 kHz to 48 kHz, measured at 

six points on the steel beam, reveals critical insights into the performance of the two 

magnetic holder designs. The results are shaped by the complex interactions between 

ultrasonic wave propagation, material dynamics, and experimental configurations. 

Measurable SPL values show both peaks and throughs that reveal the presence of beam 

resonances together with interference patterns. The natural vibrational modes of steel beams 

enhance sound pressure amplitudes at selected frequencies that match antinodes as the nodes 

maintain regions of low sound pressure levels. The mechanical behavior of the sound-

producing system depends on both the magnetic holder design with its attachment conditions 

and the addition of coupling fluid in design 2. 

The comparison between magnetic holder design 1 and design 2 highlights significant 

differences in SPL behavior. Frontal measurements of design 1 consistently exhibit stronger 

loudness than those of design 2 primarily because the coupling fluid is absent from the first 

design. The coupling fluid used in Design 2 functions as an impedance match oil that 

minimizes acoustic reflections between the hydrophone and steel beam thus suppressing 

energy buildup at specific resonance frequencies. The use of this coupling fluid affects the 

absorption of vibrational energy which results in SPL magnitude reduction. The smoother 

SPL fluctuations along with less intensity changes proved that design 2 offered better 

measurement dependability as well as performance stability across different frequencies. 

The SPL measurements vary depending on which point stands near or against ultrasonic 

standing wave patterns. SPL measurements record maximum values at antinodes but 

minimum values at nodes because the maximum displacements occur near antinodes. The 

different measurements support a finding that coupling fluid shifts beam energy distribution 

patterns throughout the measurement points. The acoustic responseincreases in Design 2 

through energy distribution changes but leads to slightly reduced SPL values across the 

system. 

The experimental findings challenge the certification standards regarding the appropriate 

usage of these designs in different laboratory setups. High Sound Pressure Levels in Design 

1 recommend it for programs that prioritize sensitive detection of sound pressure changes. 

Design 2 provides better performance for stability and repeatability needs particularly in 

environments that might affect the accuracy of SPL readings. 
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4.3.2  Heatmap analysis: design 1 vs. design 2  

In the following Figure 35 and Figure 36, the heatmaps for magnetic holder design 1 and 

magnetic holder design 2 helps evaluate sound pressure distribution through valuable six 

data points. Measures of sound pressure levels (SPL) exist within different frequencies and 

measurement points along the steel beam.  

 

 

Figure 35. Heatmap magnetic holder 1 

 

 

Figure 36. Heatmap magnetic holder (new) 2 
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The color variations in the heatmaps indicate regions of high and low SPL intensity, where 

warmer colors such as red and yellow correspond to higher SPL values, and cooler colors 

such as blue and green indicate lower SPL values. The distinct hotspots of high SPL values 

observed in MH1, particularly around the frequency range of 30 kHz to 35 kHz at 

measurement points 3 and 4, suggest strong resonances at these locations. This pattern 

indicates that the natural vibrational modes of the steel beam are being amplified by the rigid 

mechanical coupling of MH1, leading to localized energy concentrations. In contrast, MH2 

exhibits a more evenly distributed SPL pattern with fewer extreme peaks, reflecting 

improved energy dissipation and a smoother response across different frequencies and 

spatial locations. 

The CF12 coupling fluid in MH2 plays an essential role in both impedance matching and 

energy distribution between the test specimens. The SPL measurement variation in MH1 

increases because the absence of coupling fluid leads to amplified energy signals at specific 

frequencies that create sensitivity to localized resonance effects. The addition of coupling 

fluid (CF12) to MH2 works to minimize SPL variations through better vibrational energy 

distribution which decreases localized amplification. The heatmap of MH1 shows prominent 

resonant frequencies while MH2 demonstrates no such dominant resonant frequencies 

making it clear that dissipation occurs through coupling fluid application to MH2. A stable 

SPL outcome for measurements depends heavily on the damping capabilities of the coupling 

fluid which stop energy from concentrating in specific areas. The damping mechanism in 

MH2 effectively reduces energy transfer toward the edges of the beam since SPL 

measurements show more significant decreases at points 1 and 6. 

SPL results from design MH1 exceed those of MH2 by creating measurement 

inconsistencies because of localized resonance effects which lead to inconsistent data across 

specific frequencies. MH2 offers uniform controlled Sound Pressure Level distribution 

which makes it the better selection for applications requiring stable and repeatable 

measurements. Measuring devices equipped with MH2 become more reliable because the 

technology suppresses high-range SPL waves while redistributing acoustic energy across a 

standardized frequency and point range. Ultrasonic SPL measurement applications 

connected to controlled and repeatable demands benefit strongly from the MH2 design 

which optimizes impedance matching and damping dynamics with lower high-intensity 

areas. 
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4.4  Statistical analysis 

A statistical evaluation of sound pressure level (SPL) data occurs in this segment with 

analysis focusing on mean values and both variance and coefficient of variation 

measurements. The evaluation examines differences in performance between both magnetic 

holder designs by analyzing measurement consistency and variability and reliability. 

4.4.1  Mean, median, variance 

Statistics about the sound pressure level (dB) mean and standard deviation and variance help 

to evaluate magnetic holder design 1 and design 2 performance observed in Figure 37. The 

statistical measures analyze how SPL pieces together while providing information about 

central tendency and variability and consistency across different frequencies during 

ultrasonic excitation. 

 

Figure 37. Comparison of mean, standard deviation, and variance of SPL across 

frequencies for magnetic holder designs 1 and 2 
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The measurement indicates a general frequency-dependent relation between design 1 and 

design 2, where design 1 maintains higher values. The results from earlier SPL analyses 

match these findings because design 1 showed lower damping characteristics which led to 

larger SPL amplitude measurements. The mean SPL values remain stable at various 

frequencies except at specific resonance points between 28.5 kHz and 35 kHz. The tests 

verified that both designs demonstrated stable performance but the coupling fluid in Design 

2 led to slightly diminished values. 

The standard deviation demonstrates how much SPL values fluctuate throughout six 

measurement points at each frequency. Standard deviation in Design 1 reaches its highest 

points at certain frequencies because it reaches its peak values between 25 kHz to 35 kHz. 

Design 1 produces varying SPL measurements at different points because of its rigid 

configuration which intensifies resonant effects. Design 2 produces lower standard deviation 

values indicating that its energy damping mechanism helps distribute sound pressure level 

values evenly throughout the beam. 

Design 2 presents better performance capabilities for applications that demand stable spatial 

measurements since it shows lower variability between locations. Such operational 

advantage proves essential for settings which require highly repeatable and stable 

performance. 

The measured values of variance match the variations seen in standard deviation analysis by 

presenting higher numbers at resonant frequencies for design 1. The measurement points 

demonstrating energy concentration display elevated values in variance which reveals the 

localized energy amplifications occurring in design 1. The lower variance values in design 

2 demonstrate its capacity to distribute vibrational energy as well as manage resonance-

induced spikes properly. 

At frequencies higher than 40 kHz, the difference between designs 1 and 2 diminishes based 

on variance trends. The damping effects of the coupling fluid become less pronounced 

because higher frequencies contain shorter wavelengths during this frequency range. 
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4.4.2  Error bar 

Error bars Figure 38, Figure 39, Figure 40 are graphical representations of the variability or 

uncertainty in data. In the following, error bars visually depict the range of variability in 

Sound Pressure Level (SPL) measurements across the six measurement points for each 

frequency and design. The error bars are derived using the standard deviation (SD). 

 

 

Figure 38. Error bar for magnetic holder design 1 

 

 

Figure 39. Error bar for the magnetic holder (new) design 2 
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Figure 40. Overlaid error bar for both magnetic holder 

 

The measurement error for design 1 extends beyond those of design 2 within the resonant 

frequency range from 25 kHz up to 35 kHz. Design 1 shows a higher degree of SPL 

measurement variability because its characteristic strong resonant amplification and 

localized energy concentrations dominate the system. The introduction of coupling fluid in 

design 2 leads to reduced and more consistent error bars throughout most of the frequency 

range because it minimizes measurement instability. 

Additional error bar layers in the graph illustrate these measurement variations between the 

designs. The overlapping areas of SPL measurements between Design 1 and Design 2 show 

higher variability in Design 2 but Design 2 demonstrates the narrowest variability throughout 

the mid-frequency spectrum. The reduced measurement variability with Design 2 improves 

its measurement reliability which makes it appropriate for applications needing precise 

repeatable outcomes. 

The data points from both designs maintain brief error bars under 25 kHz frequency values 

indicating consistent and uniform energy distribution occurs at these frequencies. The 

variability for Design 1 experiences a significant increase when frequencies reach the 

resonant range (25 kHz to 35 kHz) based on the length of the error bars. The observed 

behavior matches the property of resonances that enhances local SPL variations in Design 

                

               

  

  

  

   

   

   

   

   

 
 
 
  
 
 
 

                                                                   

             

             



76 

 

1. The coupling fluid in Design 2 works to eliminate resonant effects which allows the error 

bars to remain short throughout the resonating frequency zone. 

Both design types show lower variability and meet each other's specifications when 

measuring above a 40 kHz frequency range. The combined results at higher frequencies 

demonstrate that wave length shorter frequencies help minimize both damping effects and 

resonant patterns because they shorten the ultrasonic wave segments. 

Standards set by error bars validate that proper design elements are necessary to produce 

consistent and reliable SPL measurement results. Conducting measurements at resonant 

frequencies with Design 1 becomes challenging because small experimental changes lead to 

substantial SPL variations due to the observed high variability. Design 2 stands out as 

optimal for stability-critical operations since its reduced variability and shorter error bars 

make repeated measurements more precise especially when measuring ultrasonic waves near 

their resonant frequency. 

4.4.3  Coefficient of variation  

The coefficient of variation (CV) is a statistical metric used to assess the relative variability 

within a dataset. It is expressed as a percentage and calculated as (Coefficient of variation, 

2024): 

 

CV= (
σ

μ
)×100                                                                         (7) 

 

where σ is standard deviation an μ d  is mean. 

Higher CV values indicate that the data shows more variability compared to its mean point 

regarding stability. The performance stability increases when the CV decreases. This context 

uses the CV to determine how stable the new and old MH designs perform at different 

frequencies. 

The coefficient of variation analysis (CV) Figure 41 presents supplementary information 

about Sound Pressure Level measurement variability as it relates to the mean values. The 
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standardized dispersion scale of CV enables experts to assess variability differences in 

various frequency ranges and between magnetic holder design 1 (old design) and magnetic 

holder design 2 (new design). 

 

 

Figure 41. CV for two magnetic holders 

 

Throughout the frequencies there is substantial variability in both designs where distinct 

peaks appear predominantly in the mid-frequency band spanning 25 kHz to 35 kHz. The 

peaks in the data points represent increased variability because the experimental setup 

produced strong resonance effects. The resonances strengthen local sound pressure levels 

thus creating higher variation that affects the measured mean values through the calculated 

CV. 

The two designs reach stable and convergent levels of CV measurements when tested at 

frequencies that fall beyond the resonant range (20 kHz to 40 kHz). The trend reflects the 

decrease in resonance effects plus improved energy distribution that occurs at these 

frequencies where localized amplifications have reduced impact. 

Table 4. Calculated coefficient of variation for two magnetic holders 
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Magnetic holder Calculated coefficient of variation 

Old magnetic holder (design 1) 5.1135% 

New magnetic holder (design 2) 4.9798% 

 

The average values of CV show proximity between the two experimental designs. The new 

design configuration of the magnetic holder design 2 displays a slightly better consistency 

regarding SPL measurement accuracy than the original configuration (design 1). The 

additional findings support previous results about Design 2 obtaining better stability and 

uniformity which the coupling fluid likely stabilizes. 

A small increase in CV values occurs at certain frequencies for the Old MH Design because 

its fixed construction strengthens localized energy patterns which elevates measurement 

variation above the mean. The New MH Design exhibits better variability control 

demonstrated through steady and low CV values at most frequencies. The fluid acts as an 

effective dampener that reduces high energy transfer thus creating uniform acoustic response 

among all test points. 

4.4.4  Intraclass correlation coefficient  

The intraclass correlation coefficient (ICC) indicates data reliability in connection with 

group measurements. The ICC serves to evaluate the collective agreement between multiple 

measurement repetitions. Within this designated application the ICC serves to measure how 

uniformly the SPL readings stay at these six measurement locations under various 

frequencies for specific magnetic holder designs. Higher ICC values demonstrate consistent 

measurement stability across all points which leads to better performance reliability of the 

design (‘Intraclass correlation’, 2024). 

The ICC results from a two-way random-effects evaluation of measurement point 

differences combined with variation between measurement points for both magnetic holder 

designs (Intraclass correlation, 2024): 

 

ICC=
σB

2

σB
2 +σW

2                                                                         (8) 
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where σB
2  is between-group variance, represents differences in SPL measurements across 

measurement points. σW
2  is within-group variance, represents inconsistencies in SPL 

measurements within each group (measurement points). 

The ICC shows how consistently SPL performance remains stable while evaluating the six 

measurement points when using a specific design. The design quality improves as ICC 

values rise because it shows greater measurement consistency in SPL results. The evaluation 

of ICC data reveals that the SPL performance stability is better in the new MH design 

compared to the old version. The improved ICC value of the new MH design indicates 

uniform energy propagation with low variability that results in a more dependable system 

requiring acoustic reliability. 

 

Table 5. Calculated ICC for two magnetic holders 

Magnetic holder Calculated ICC 

Old magnetic holder (design 1) 0.024049 

New magnetic holder (design 2) 0.024176 

 

The SPL measurements across different steel beam points show poor inter-method reliability 

because both designs present low ICC values. The standing wave patterns together with 

resonance effects determine the variability that occurs when measuring sound pressure levels 

across the steel beam. A slight improvement appears in the ICC value of the New MH Design 

relative to its predecessor which represents better measurement consistency. The stability 

factor of the coupling fluid enhances energy distribution stability and reduces resonance 

effects based on its lower variability results. 

Repeatability of the New MH Design surpasses the Old MH Design although ICC values 

show minimal difference because the new design distributes energy more uniformly 

throughout the measurement area. The experimental complexities behind both test methods 

appear to limit spatial consistency because the measured ICC scores come in at low levels. 

The New MH Design offers a minor advantage alongside superior stability elements that 

makes it appropriate for applications needing enhanced dependability. 
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4.5  Comparison with laser doppler vibrometer measurement  

The provided graphs (Figure 42 to Figure 46) compare sound pressure level (dB) values 

measured by the magnetic holder design 1, magnetic holder (new) design 2 with laser 

doppler vibrometer (LDV) at multiple measurement points. The frequency range considered 

is 18 kHz to 48 kHz. Each graph presents two different y-axes to distinguish the 

measurement principles of the two methods. The left y-axis (black scale) represents LDV 

measurements in terms of velocity magnitude, where 0 dB corresponds to 1 m/s. This 

captures the surface vibration of the steel structure without direct contact. The right y-axis 

(red scale) represents sound pressure level (SPL) measurements obtained using the 

hydrophone-based system with different magnetic holder designs, where 0 dB corresponds 

to 20 μPa. This measurement reflects the acoustic pressure variations on the steel surface.   

 

 

Figure 42. Comparison of SPL measurement for LDV and MH designs at point 1 
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Figure 43. Comparison of SPL measurement for LDV and MH designs at point 2 

 

 

Figure 44. Comparison of SPL measurement for LDV and MH designs at point 3 
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Figure 45. Comparison of SPL measurement for LDV and MH designs at point 4 

 

 

Figure 46. Comparison of SPL measurement for LDV and MH designs at point 5 

 

In this comparative study of vibration measurements, the analysis reveals consistent 

frequency-dependent trends between laser doppler vibrometer and hydrophone-based 
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systems across various measurement points (Point 1 to Point 5). The LDV and hydrophone 

data exhibit closely aligned major peaks and valleys in the frequency spectrum, indicating 

successful capture of resonant modes and excitation frequencies within the steel structure. 

However, notable differences emerge in amplitude levels, where the hydrophone generally 

records higher values. This disparity is attributed to the inherent distinctions between 

velocity-based LDV measurements and pressure-based hydrophone measurements, as well 

as varying energy transfer mechanisms from the vibrating surface to the respective sensors. 

Significantly, the hydrophone demonstrates higher sound pressure level values, particularly 

in the mid-to-high-frequency range (25 kHz – 45 kHz). This discrepancy can be explained 

by the differences in measurement principles, LDV measures surface velocity dependent on 

material displacement, while the hydrophone measures sound pressure influenced by energy 

transmission through a coupling fluid. The presence of the coupling fluid amplifies specific 

frequencies, thereby enhancing pressure readings but also introducing potential impedance 

mismatches and sensitivity to pressure variations due to internal damping effects. The study 

also assesses the impact of different magnetic holder designs on measurement performance, 

highlighting that magnetic holder 2 offers a more stable response compared to magnetic 

holder 1. Holder design significantly influences measurement reliability by affecting 

acoustic coupling and minimizing contact-induced artifacts, thereby ensuring smoother and 

more consistent responses in hydrophone measurements. 

At higher frequencies above 40 kHz, distinctions between LDV and hydrophone responses 

become more pronounced. LDV data exhibits a sharper amplitude drop-off indicative of 

structural energy loss, whereas hydrophone measurements maintain relatively higher levels 

due to acoustic propagation properties in the coupling fluid or heightened sensitivity to 

localized high-frequency modes. Considering sources of error and measurement limitations, 

including variations in hydrophone contact pressure, coupling fluid properties impacting 

signal transmission efficiency and minor positional misalignments could be among the 

several reasons affecting measurement accuracy. Future refinements in experimental 

techniques are proposed, emphasizing improved hydrophone positioning, optimization of 

coupling fluid properties, and enhanced calibration methodologies to advance high-

frequency measurement accuracy and overall reliability in structural vibration analysis.
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5  Conclusion 

This research comprehensively explored the vibrational and acoustic behavior of a steel 

beam under ultrasonic excitation using two magnetic holder designs and validated the results 

through comparison with laser doppler vibrometer measurements. The study systematically 

addressed challenges in experimental setup, variability in measurements, and the integration 

of advanced measurement techniques to enhance data reliability and precision. 

The ultrasonic signal producing box showed notable inconsistencies through its random 

frequency modifications which made the SPL data values unstable during the first 

experiment. A piezo drive integration in setup two successfully delivered stable frequency 

inputs that improved both measurement consistency and reliability of SPL testing. SPL data 

demonstrated reduced variability after the Piezo Drive adoption together with enhancements 

in magnetic holder design 2 which yielded lower standard deviations and variances. 

The researchers conducted SPL measurements for magnetic holder designs 1 and 2 

throughout 18 kHz to 48 kHz frequency range at different testing points. The measurements 

performed with Design 2 used an 11 mm hole diameter and CF12 coupling fluid showed 

repeated superior results by minimizing variability and maximizing spatial consistency. 

Repeatability and reliability of the measurements with Design 2 was verified through both 

CV and ICC statistical metrics. By using coupling fluid and increasing the dimensional 

clearance in design 2 researchers managed to eliminate the resonance effect which had 

produced measurement inconsistencies in design 1. 

The LDV results verified the entire functioning of the hydrophone-based system for 

structural vibration measurement including the detection of resonance frequencies and beam 

vibration patterns. The parallel frequency patterns between LDV and hydrophone records 

validate that the hydrophone equipment successfully detects acoustic signals. The 

measurement comparison exposed constraints when trying to establish one-to-one 

correlations between LDV-based velocity data and hydrophone-based pressure data. The 

measurement amplitudes varied because hydrophone operator conditions and acoustic 

propagation characteristics and impedance effects acted upon the system in ways that did 

not affect the LDV measurements similarly. A better calibration procedure needs to be 
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developed for combining different measurement equipment in analyzing ultrasonic vibration 

patterns. The LDV validation demonstrates the hydrophone system provides reliable and 

consistent measurements when using magnetic holder 2 which makes it suitable for 

structural vibration analysis.  

This research proves the necessity of using advanced measurement methods alongside 

optimized experimental setups in order to achieve precise SPL measurement during 

ultrasonic vibration research. Signal measurements obtained through the combination of 

Magnetic holder 2 and the Piezo Drive provide dependable results for resonant assessments 

by ensuring precision and consistency. LDV validation adds weight to the value of 

experimental methodologies to use multiple approaches for validation. 

The laboratory success of measuring ultrasonic SPL by the hydrophone device does not 

necessarily translate into operational effectiveness when accounting for real-world 

environmental variables like water salinity and flow rates with temperature changes and 

biomaterial buildup. Future work needs to test the hydrophone measurement system in its 

operational environment through deployment on ship hulls underwater pipelines and 

offshore infrastructure. Long-term laboratory assessments will show how well the system 

operates as a routine biofouling prevention method monitoring system with ultrasonic 

transducers. 

The use of a coupling fluid in magnetic holder design 2 enhanced measurement stability 

because it decreased the resonance-induced fluctuations. The properties of coupling fluid 

require additional research to optimize their function including viscosity management and 

thermal capacity enhancement alongside acoustic compatibility assessment for raised 

measurement precision. The hydrophone's measurement efficiency of ultrasonic SPL on 

various steel and composite structures could be enhanced through the testing of different 

designs for the magnetic holder including different clearance hole diameters and alternative 

attachment mechanisms and materials. 

The research method involved direct comparison between hydrophone-based measurements 

and laser doppler vibrometry as they yielded crucial knowledge about their separate 

strengths. The evaluation process would become stronger by conducting additional tests 

against other high-precision acoustic sensors like piezoelectric accelerometers and optical 

fiber-based hydrophones and microelectromechanical system (MEMS) sensors. The 
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comparison between different measurement techniques enables selection of appropriate 

methods for various applications that include industrial machine inspection and ship 

maintenance as well as aerospace structural evaluation. 

Research based on this work creates a strong basis for further investigations of ultrasonic 

vibration and acoustic measurement thus enabling applications throughout precision 

machining and structural health monitoring. Additionally it supports other engineering 

domains. 
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Appendix 1. Magnetic holder with clearance (11 mm hole) design  
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Appendix 2. Measurement data 

Measurement data for magnetic holder design 1 across 6 measurement points for different 

frequency. 

Frequency 

(kHz) 

  

Measurement 

Point  
1 2 3 4 5 6 

        

18 Max 100 97 97 105 102 98 

  Avg  100 96 97 105 102 98 

19 Max 113 103 108 103 109 101 

  Avg 113 103 108 103 109 100 

20 Max 110 113 109 112 108 107 

  Avg  110 113 108 112 108 107 

21 Max 102 98 109 86 105 108 

  Avg  102 97 108 84 105 108 

22 Max 108 102 104 97 102 90 

  Avg  107 102 104 96 102 89 

23 Max 108 112 115 114 114 113 

  Avg  108 112 115 114 114 113 

24 Max 106 91 104 102 98 107 

  Avg 105 89 102 101 97 105 

25 Max 111 110 99 102 109 108 

  Avg  111 110 98 102 109 108 

26 Max 114 108 120 109 122 113 

  Avg  114 108 120 109 122 112 

27 Max 109 99 110 113 101 124 

  Avg  108 98 110 113 101 124 

28 Max 121 122 122 117 122 121 

  Avg 121 122 122 117 122 121 

29 Max 117 107 119 108 110 114 

  Avg  117 107 119 108 110 114 

30 Max 128 120 124 122 116 120 

  Avg  128 120 124 122 116 120 

31 Max 131 126 114 125 125 127 

  Avg  131 126 114 125 125 127 

32 Max 127 135 131 111 125 134 

  Avg  126 134 130 110 124 134 

33 Max 121 128 120 113 127 118 

  Avg 121 128 120 113 127 118 

34 Max 117 126 107 119 125 116 

  Avg  117 126 106 119 125 116 

35 Max 114 122 123 125 125 126 
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  Avg  114 122 123 125 125 126 

36 Max 114 114 124 106 119 108 

  Avg  113 114 124 105 119 107 

37 Max 114 113 117 101 114 121 

  Avg 114 113 117 101 114 121 

38 Max 126 125 126 126 126 117 

  Avg  126 125 126 126 126 117 

39 Max 116 116 118 108 101 119 

  Avg 116 116 118 108 100 119 

40 Max 125 119 119 102 109 120 

  Avg  125 119 119 102 108 120 

41 Max 120 124 120 115 118 117 

  Avg  120 124 120 115 118 117 

42 Max 108 120 116 113 115 116 

  Avg  108 120 116 113 115 116 

43 Max 106 103 107 119 102 114 

  Avg  106 103 107 119 101 114 

44 Max 100 101 113 116 97 105 

  Avg 99 101 113 116 96 105 

45 Max 105 114 112 104 119 106 

  Avg  104 114 112 104 119 106 

46 Max 123 118 115 114 105 109 

  Avg  123 118 115 114 105 109 

47 Max 115 107 111 109 113 104 

  Avg 115 106 111 109 113 103 

48 Max 101 108 107 101 88 103 

  Avg  96 103 102 96 86 98 

 

 Measurement Data for magnetic holder (new) design 2 across 6 measurement points for 

different frequency. 

Frequency 

kHz  

Measurement 

Points 
1 2 3 4 5 6 

18 Max 102 108 97 100 107 96 

  Avg  101 108 96 100 107 95 

19 Max 111 111 107 101 112 107 

  Avg 111 110 107 101 112 107 

20 Max 108 113 100 116 111 106 

  Avg  92 113 99 116 111 105 

21 Max 108 103 103 94 99 97 

  Avg  108 103 103 94 99 96 
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22 Max 102 95 90 98 80 103 

  Avg  101 94 90 98 80 103 

23 Max 115 112 113 115 110 107 

  Avg  115 112 113 115 110 106 

24 Max 103 106 100 106 101 98 

  Avg 102 105 99 105 100 96 

25 Max 100 102 101 97 101 105 

  Avg  100 101 101 97 101 105 

26 Max 88 97 114 108 116 98 

  Avg  87 97 114 108 116 98 

27 Max 103 119 113 104 107 107 

  Avg  102 119 113 103 107 107 

28 Max 112 118 110 110 118 117 

  Avg 112 118 110 110 118 117 

29 Max 104 108 106 99 109 107 

  Avg  104 108 106 98 108 107 

30 Max 112 112 112 113 103 108 

  Avg  112 112 111 113 102 108 

31 Max 115 119 105 114 114 113 

  Avg  115 119 105 114 114 113 

32 Max 122 118 118 97 121 119 

  Avg  121 118 117 96 120 118 

33 Max 101 105 111 107 106 113 

  Avg 99 104 110 106 106 113 

34 Max 108 116 114 112 104 120 

  Avg  108 116 114 112 103 120 

35 Max 116 118 105 112 110 113 

  Avg  116 118 105 111 110 113 

36 Max 115 110 113 111 117 113 

  Avg  114 109 113 110 116 112 

37 Max 119 124 118 117 110 125 

  Avg 119 124 118 117 109 125 

38 Max 123 118 107 112 110 122 

  Avg  123 118 106 112 110 121 

39 Max 114 112 112 109 101 112 

  Avg 114 112 112 109 101 112 

40 Max 115 110 115 106 115 114 

  Avg  115 110 115 106 115 114 
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41 Max 122 128 110 122 122 121 

  Avg  122 128 110 122 122 121 

42 Max 115 99 98 107 111 105 

  Avg  115 98 97 107 111 105 

43 Max 101 96 89 97 103 105 

  Avg  101 96 86 96 103 104 

44 Max 96 91 92 96 97 96 

  Avg 96 90 91 96 96 96 

45 Max 95 80 87 86 96 91 

  Avg  95 80 86 85 95 90 

46 Max 90 83 88 83 90 85 

  Avg  90 82 87 82 90 84 

47 Max 88 88 87 86 85 90 

  Avg 87 87 86 85 84 90 

48 Max 82 82 82 81 85 92 

  Avg  81 81 81 80 84 89 
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Appendix 3. Mean , standard deviation and variance of measured data 

Mean, standard deviation and variance of 6 measurement points for every frequency.  

Old magnetic holder (design 1) 

Frequency (kHz) Mean StdDev Variance 

18 99.667 3.3862 11.467 

19 106 4.8166 23.2 

20 109.67 2.4221 5.8667 

21 100.67 9.1579 83.867 

22 100 6.4807 42 

23 112.67 2.5033 6.2667 

24 99.833 6.08 36.967 

25 106.33 5.164 26.667 

26 114.17 5.7417 32.967 

27 109 9.252 85.6 

28 120.83 1.9408 3.7667 

29 112.5 4.9295 24.3 

30 121.67 4.0825 16.667 

31 124.67 5.6804 32.267 

32 126.33 8.9815 80.667 

33 121.17 5.6362 31.767 

34 118.17 7.2503 52.567 

35 122.5 4.4159 19.5 

36 113.67 7.1461 51.067 

37 113.33 6.7132 45.067 

38 124.33 3.6148 13.067 

39 112.83 7.3869 54.567 

40 115.5 8.6429 74.7 

41 119 3.0984 9.6 

42 114.67 3.9833 15.867 

43 108.33 6.8605 47.067 

44 105 7.975 63.6 



2 

 

45 109.83 6.1455 37.767 

46 114 6.3875 40.8 

47 109.5 4.4609 19.9 

48 96.833 6.08 36.967 

 

New magnetic holder (design 2) 

Frequency (kHz) Mean StdDev Variance 

18 101.17 5.4191 29.367 

19 108 4 16 

20 106 9.1652 84 

21 100.5 5.1672 26.7 

22 94.333 8.4538 71.467 

23 111.83 3.4303 11.767 

24 101.17 3.5449 12.567 

25 100.83 2.5626 6.5667 

26 103.33 11.237 126.27 

27 108.5 6.442 41.5 

28 114.17 3.92 15.367 

29 105.17 3.8166 14.567 

30 109.67 4.1312 17.067 

31 113.33 4.5898 21.067 

32 115 9.4234 88.8 

33 106.33 4.8442 23.467 

34 112.17 6.0139 36.167 

35 112.17 4.6224 21.367 

36 112.33 2.582 6.6667 

37 118.67 5.7504 33.067 

38 115 6.6933 44.8 

39 110 4.6904 22 

40 112.5 3.7283 13.9 

41 120.83 5.8793 34.567 

42 105.5 7.0922 50.3 

43 97.667 6.6533 44.267 

44 94.167 2.8577 8.1667 

45 88.5 5.9582 35.5 

46 85.833 3.7103 13.767 

47 86.5 2.0736 4.3 

48 82.667 3.3862 11.467 
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Appendix 4. Graph, plot and statistical analysis in Matlab 

The measurement data are saved in matlab data file. These are following: 

Code for plotting the measurement data of magnetic holders and laser vibrometer 

% File: plot_continuous_graph.m 

% Load the data 

data = load('data2.txt'); 

% Decibel Profile for Measurement Point 1:6 Across Frequency Range 

 

% Load the MAT files 

load('mhNEW.mat'); % Load specific variables 

load('mhOld.mat'); % Load the MAT file (if needed for other data) 

 

% Extract frequency and magnitude 

frequency = data(:, 1); % Column 1 is frequency 

magnitude = data(:, 2); % Column 2 is magnitude 

%magnitude =magnitude*-1; 

magnitude =magnitude+200; 

 

 

% Define the specific frequencies of interest (18,000 Hz to 48,000 Hz) 

frequencies_of_interest = (18:1:48) * 1000; % From 18,000 Hz to 48,000 Hz 

 

% Find the corresponding indices and values for the frequencies of 

interest 

selected_frequencies = []; 

selected_magnitudes = []; 

for i = 1:length(frequencies_of_interest) 

    [~, idx] = min(abs(frequency - frequencies_of_interest(i))); % Find 

closest frequency 

    selected_frequencies(end + 1) = frequency(idx); 

    selected_magnitudes(end + 1) = magnitude(idx); 

end 

 

% Plot the data as a continuous line 

figure; 

plot(selected_frequencies, selected_magnitudes, '-', 'LineWidth', 1, 

'DisplayName', 'LDV'); hold on; 

 

%Plot the MH design data 

plot(selected_frequencies, New_MH_AvgDb_2, '-', 'LineWidth', 1, 

'DisplayName', 'MH (New) design 2');  

plot(selected_frequencies, Old_MH_AvgDb2, '-', 'LineWidth', 1, 

'DisplayName', 'MH design 1'); 
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% Add labels, title, legend, and grid 

xlabel('Frequency (Hz)'); 

ylabel('Magnitude (dB)'); 

title('Sound Pressure Level  (dB) measurement for Point 2'); 

legend('show'); % Display the legend 

grid on; 

 

 

 

 

 

% File: plot_continuous_graph.m 

% Load the data 

data = load('data3.txt'); 

% Decibel Profile for Measurement Point 1:6 Across Frequency Range 

 

% Load the MAT files 

load('mhNEW.mat'); % Load specific variables 

load('mhOld.mat'); % Load the MAT file (if needed for other data) 

 

 

 

% Extract frequency and magnitude 

frequency = data(:, 1); % Column 1 is frequency 

magnitude = data(:, 2); % Column 2 is magnitude 

magnitude =magnitude+200; 

 

 

% Define the specific frequencies of interest (18,000 Hz to 48,000 Hz) 

frequencies_of_interest = (18:1:48) * 1000; % From 18,000 Hz to 48,000 Hz 

 

% Find the corresponding indices and values for the frequencies of 

interest 

selected_frequencies = []; 

selected_magnitudes = []; 

for i = 1:length(frequencies_of_interest) 

    [~, idx] = min(abs(frequency - frequencies_of_interest(i))); % Find 

closest frequency 

    selected_frequencies(end + 1) = frequency(idx); 

    selected_magnitudes(end + 1) = magnitude(idx); 

end 

 

% Plot the data as a continuous line 

figure; 

plot(selected_frequencies, selected_magnitudes, '-', 'LineWidth', 1.5, 

'DisplayName', 'LDV'); hold on; 

 



3 

 

% Plot the MH design data 

plot(selected_frequencies, New_MH_AvgDb_3, '-', 'LineWidth', 1, 

'DisplayName', 'MH (New) design 2');  

plot(selected_frequencies, Old_MH_AvgDb3, '-', 'LineWidth', 1, 

'DisplayName', 'MH design 1'); 

 

% Add labels, title, legend, and grid 

xlabel('Frequency (Hz)'); 

ylabel('Magnitude (dB)'); 

title('Sound Pressure Level  (dB) measurement for Point 3'); 

legend('show'); % Display the legend 

grid on; 

 

 

 

% File: plot_continuous_graph.m 

% Load the data 

data = load('data4.txt'); 

% Decibel Profile for Measurement Point 1:6 Across Frequency Range 

 

% Load the MAT files 

load('mhNEW.mat'); % Load specific variables 

load('mhOld.mat'); % Load the MAT file (if needed for other data) 

 

% Extract frequency and magnitude 

frequency = data(:, 1); % Column 1 is frequency 

magnitude = data(:, 2); % Column 2 is magnitude 

magnitude =magnitude+200; 

 

 

 

% Define the specific frequencies of interest (18,000 Hz to 48,000 Hz) 

frequencies_of_interest = (18:1:48) * 1000; % From 18,000 Hz to 48,000 Hz 

 

% Find the corresponding indices and values for the frequencies of 

interest 

selected_frequencies = []; 

selected_magnitudes = []; 

for i = 1:length(frequencies_of_interest) 

    [~, idx] = min(abs(frequency - frequencies_of_interest(i))); % Find 

closest frequency 

    selected_frequencies(end + 1) = frequency(idx); 

    selected_magnitudes(end + 1) = magnitude(idx); 

end 

 

% Plot the data as a continuous line 

figure; 



4 

 

plot(selected_frequencies, selected_magnitudes, '-', 'LineWidth', 1.5, 

'DisplayName', 'LDV'); hold on; 

 

% Plot the MH design data 

plot(selected_frequencies, New_MH_AvgDb_4, '-', 'LineWidth', 1, 

'DisplayName', 'MH (New) design 2');  

plot(selected_frequencies, Old_MH_AvgDb4, '-', 'LineWidth', 1, 

'DisplayName', 'MH design 1'); 

 

% Add labels, title, legend, and grid 

xlabel('Frequency (Hz)'); 

ylabel('Magnitude (dB)'); 

title('Sound Pressure Level  (dB) measurement for Point 4'); 

legend('show'); % Display the legend 

grid on; 

 

 

 

% File: plot_continuous_graph.m 

% Load the data 

data = load('data5.txt'); 

% Decibel Profile for Measurement Point 1:6 Across Frequency Range 

 

% Load the MAT files 

load('mhNEW.mat'); % Load specific variables 

load('mhOld.mat'); % Load the MAT file (if needed for other data) 

 

% Extract frequency and magnitude 

frequency = data(:, 1); % Column 1 is frequency 

magnitude = data(:, 2); % Column 2 is magnitude 

magnitude =magnitude+200; 

 

 

% Define the specific frequencies of interest (18,000 Hz to 48,000 Hz) 

frequencies_of_interest = (18:1:48) * 1000; % From 18,000 Hz to 48,000 Hz 

 

% Find the corresponding indices and values for the frequencies of 

interest 

selected_frequencies = []; 

selected_magnitudes = []; 

for i = 1:length(frequencies_of_interest) 

    [~, idx] = min(abs(frequency - frequencies_of_interest(i))); % Find 

closest frequency 

    selected_frequencies(end + 1) = frequency(idx); 

    selected_magnitudes(end + 1) = magnitude(idx); 

end 
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% Plot the data as a continuous line 

figure; 

plot(selected_frequencies, selected_magnitudes, '-', 'LineWidth', 1.5, 

'DisplayName', 'LDV'); hold on; 

 

% Plot the MH design data 

plot(selected_frequencies, New_MH_AvgDb_5, '-', 'LineWidth', 1, 

'DisplayName', 'MH (New) design 2');  

plot(selected_frequencies, Old_MH_AvgDb5, '-', 'LineWidth', 1, 

'DisplayName', 'MH design 1'); 

 

% Add labels, title, legend, and grid 

xlabel('Frequency (Hz)'); 

ylabel('Magnitude (dB)'); 

title('Sound Pressure Level  (dB) measurement for Point 5'); 

legend('show'); % Display the legend 

grid on; 

 

 

 

% File: plot_continuous_graph.m 

% Load the data 

data = load('data6.txt'); 

% Decibel Profile for Measurement Point 1:6 Across Frequency Range 

 

% Load the MAT files 

load('mhNEW.mat'); % Load specific variables 

load('mhOld.mat'); % Load the MAT file (if needed for other data) 

 

% Extract frequency and magnitude 

frequency = data(:, 1); % Column 1 is frequency 

magnitude = data(:, 2); % Column 2 is magnitude 

magnitude =magnitude+200; 

 

% Define the specific frequencies of interest (18,000 Hz to 48,000 Hz) 

frequencies_of_interest = (18:1:48) * 1000; % From 18,000 Hz to 48,000 Hz 

 

% Find the corresponding indices and values for the frequencies of 

interest 

selected_frequencies = []; 

selected_magnitudes = []; 

for i = 1:length(frequencies_of_interest) 

    [~, idx] = min(abs(frequency - frequencies_of_interest(i))); % Find 

closest frequency 

    selected_frequencies(end + 1) = frequency(idx); 

    selected_magnitudes(end + 1) = magnitude(idx); 
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end 

 

% Plot the data as a continuous line 

figure; 

plot(selected_frequencies, selected_magnitudes, '-', 'LineWidth', 1.5, 

'DisplayName', 'LDV'); hold on; 

 

% Plot the MH design data 

plot(selected_frequencies, New_MH_AvgDb_6, '-', 'LineWidth', 1, 

'DisplayName', 'MH (New) design 2');  

plot(selected_frequencies, Old_MH_AvgDb6, '-', 'LineWidth', 1, 

'DisplayName', 'MH design 1'); 

 

% Add labels, title, legend, and grid 

xlabel('Frequency (Hz)'); 

ylabel('Magnitude (dB)'); 

title('Sound Pressure Level  (dB) measurement for Point 6'); 

legend('show'); % Display the legend 

grid on; 

 

Code for mean, standard deviation, variance 

% Load the MAT files 

load('new_MH_data.mat'); % Load New Magnetic Holder data 

load('Old_MH_data.mat'); % Load Old Magnetic Holder data 

 

% Initialize variables to store mean, standard deviation, and variance 

values 

old_mean_values = []; 

old_std_values = []; 

old_var_values = []; 

new_mean_values = []; 

new_std_values = []; 

new_var_values = []; 

 

% Frequency range 

frequencies = 18:48; 

 

% Loop over the frequency range from 18 to 48 

for i = frequencies 

    % Get the data for MH Design 1 (old MH) 

    old_data = eval(['Old_MH_' num2str(i)]); 

     

    % Get the data for MH Design 2 (new MH) 

    new_data = eval(['new_MH_' num2str(i)]); 
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    % Calculate the mean, standard deviation, and variance for Old 

Magnetic Holder 

    old_mean = mean(old_data(:)); % Mean across all points 

    old_std = std(old_data(:));   % Standard deviation across all points 

    old_var = var(old_data(:));   % Variance across all points 

     

    % Calculate the mean, standard deviation, and variance for New 

Magnetic Holder 

    new_mean = mean(new_data(:)); % Mean across all points 

    new_std = std(new_data(:));   % Standard deviation across all points 

    new_var = var(new_data(:));   % Variance across all points 

     

    % Store the results 

    old_mean_values = [old_mean_values, old_mean]; 

    old_std_values = [old_std_values, old_std]; 

    old_var_values = [old_var_values, old_var]; 

    new_mean_values = [new_mean_values, new_mean]; 

    new_std_values = [new_std_values, new_std]; 

    new_var_values = [new_var_values, new_var]; 

end 

 

% Display the results 

disp('Summary for Old Magnetic Holder:'); 

Summary for Old Magnetic Holder: 

disp(table(frequencies', old_mean_values', old_std_values', 

old_var_values', ... 

    'VariableNames', {'Frequency', 'Mean_dB', 'StdDev_dB', 

'Variance_dB'})); 

    Frequency    Mean_dB    StdDev_dB    Variance_dB 

    _________    _______    _________    ___________ 

 

       18        99.667      3.3862        11.467    

       19           106      4.8166          23.2    

       20        109.67      2.4221        5.8667    

       21        100.67      9.1579        83.867    

       22           100      6.4807            42    

       23        112.67      2.5033        6.2667    

       24        99.833        6.08        36.967    

       25        106.33       5.164        26.667    

       26        114.17      5.7417        32.967    

       27           109       9.252          85.6    
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       28        120.83      1.9408        3.7667    

       29         112.5      4.9295          24.3    

       30        121.67      4.0825        16.667    

       31        124.67      5.6804        32.267    

       32        126.33      8.9815        80.667    

       33        121.17      5.6362        31.767    

       34        118.17      7.2503        52.567    

       35         122.5      4.4159          19.5    

       36        113.67      7.1461        51.067    

       37        113.33      6.7132        45.067    

       38        124.33      3.6148        13.067    

       39        112.83      7.3869        54.567    

       40         115.5      8.6429          74.7    

       41           119      3.0984           9.6    

       42        114.67      3.9833        15.867    

       43        108.33      6.8605        47.067    

       44           105       7.975          63.6    

       45        109.83      6.1455        37.767    

       46           114      6.3875          40.8    

       47         109.5      4.4609          19.9    

       48        96.833        6.08        36.967    

 

disp('Summary for New Magnetic Holder:'); 

Summary for New Magnetic Holder: 

disp(table(frequencies', new_mean_values', new_std_values', 

new_var_values', ... 

    'VariableNames', {'Frequency', 'Mean_dB', 'StdDev_dB', 

'Variance_dB'})); 

    Frequency    Mean_dB    StdDev_dB    Variance_dB 

    _________    _______    _________    ___________ 

 

       18        101.17      5.4191        29.367    

       19           108           4            16    

       20           106      9.1652            84    

       21         100.5      5.1672          26.7    
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       22        94.333      8.4538        71.467    

       23        111.83      3.4303        11.767    

       24        101.17      3.5449        12.567    

       25        100.83      2.5626        6.5667    

       26        103.33      11.237        126.27    

       27         108.5       6.442          41.5    

       28        114.17        3.92        15.367    

       29        105.17      3.8166        14.567    

       30        109.67      4.1312        17.067    

       31        113.33      4.5898        21.067    

       32           115      9.4234          88.8    

       33        106.33      4.8442        23.467    

       34        112.17      6.0139        36.167    

       35        112.17      4.6224        21.367    

       36        112.33       2.582        6.6667    

       37        118.67      5.7504        33.067    

       38           115      6.6933          44.8    

       39           110      4.6904            22    

       40         112.5      3.7283          13.9    

       41        120.83      5.8793        34.567    

       42         105.5      7.0922          50.3    

       43        97.667      6.6533        44.267    

       44        94.167      2.8577        8.1667    

       45          88.5      5.9582          35.5    

       46        85.833      3.7103        13.767    

       47          86.5      2.0736           4.3    

       48        82.667      3.3862        11.467    

 

% Plot the results 

figure; 

 

% Mean Plot 

subplot(3, 1, 1); 

hold on; 

plot(frequencies, old_mean_values, '-', 'LineWidth', 1.5, 'DisplayName', 

'Old MH'); 

plot(frequencies, new_mean_values, '-', 'LineWidth', 1.5, 'DisplayName', 

'New MH'); 
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hold off; 

title('Mean '); 

xlabel('Frequency (KHz)'); 

ylabel('Mean dB'); 

legend('show'); 

grid on; 

 

% Standard Deviation Plot 

subplot(3, 1, 2); 

hold on; 

plot(frequencies, old_std_values, '-', 'LineWidth', 1.5, 'DisplayName', 

'Old MH'); 

plot(frequencies, new_std_values, '-', 'LineWidth', 1.5, 'DisplayName', 

'New MH'); 

hold off; 

title('Standard Deviation '); 

xlabel('Frequency (KHz)'); 

ylabel('Standard Deviation (dB)'); 

legend('show'); 

grid on; 

 

% Variance Plot 

subplot(3, 1, 3); 

hold on; 

plot(frequencies, old_var_values, '-', 'LineWidth', 1.5, 'DisplayName', 

'Old MH'); 

plot(frequencies, new_var_values, '-', 'LineWidth', 1.5, 'DisplayName', 

'New MH'); 

hold off; 

title('Variance'); 

xlabel('Frequency (KHz)'); 

ylabel('Variance (dB^2)'); 

legend('show'); 

grid on; 

 

 

% Plot the results with bars 

figure; 

 

% Mean Bar Plot 

subplot(3, 1, 1); 

bar(frequencies, [old_mean_values' new_mean_values'], 'grouped'); 

title('Mean'); 

xlabel('Frequency (KHz)'); 

ylabel('Mean dB'); 

legend({'Old MH', 'New MH'}, 'Location', 'best'); 

grid on; 
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% Standard Deviation Bar Plot 

subplot(3, 1, 2); 

bar(frequencies, [old_std_values' new_std_values'], 'grouped'); 

title('Standard Deviation'); 

xlabel('Frequency (KHz)'); 

ylabel('Standard Deviation (dB)'); 

legend({'Old MH', 'New MH'}, 'Location', 'best'); 

grid on; 

 

% Variance Bar Plot 

subplot(3, 1, 3); 

bar(frequencies, [old_var_values' new_var_values'], 'grouped'); 

title('Variance'); 

xlabel('Frequency (KHz)'); 

ylabel('Variance (dB^2)'); 

legend({'Old MH', 'New MH'}, 'Location', 'best'); 

grid on; 
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Appendix 5. Laser doppler vibrometer (measurement setup)  

Project:                   

 Name:                     C:\Users\PC\Desktop\Shahria\November\HDS10-100\data2.svd 

 User:                     PC 

 Created:                  Date: 7.1.2011 Time: 2:30:02 

 File version:             9.4 

 Application version:      9.4.1.1 

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

----------- 

 Comment 

  

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

----------- 

 Scan Points 

  

 Total:                    1 

 Not Measured:             0              0.0 % 

 Valid:                    0              0.0 % 

 Optimal:                  1              100.0 % 

 Overrange:                0              0.0 % 

 Invalidated:              0              0.0 % 

 Disabled:                 0              0.0 % 

 Not Reachable:            0              0.0 % 

 Hidden:                   0              0.0 % 
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 VT Failed:                0              0.0 % 

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

----------- 

 Hardware 

  

 Scanning Head:            PSV-I-500 

 Firmware version:         1.09 

 Geometry Scan Unit:       PSV-G-500 

 Firmware version:         1.13 

  

 Junction Box:             PSV-F-500 

 Firmware Version:         1.13 

  

 Acquisition Board:        Polytec Ethernet Data Acquisition 

 Channels Count:           5 

 Highest Sample Frequency: 250 kHz 

 Firmware Version:         1.03 

  

 Function Generator 

 Firmware Version:          

 Channels Count:           4 

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

----------- 

 General 
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 Acquisition  Mode:        FFT 

 Averaging:                Magnitude 

 Averaging count:          3 

 Remeasure Automatically:  Not active 

 AutoRange:                Not active 

 PCA (MIMO):               Not active 

 Cosine correction X:      Active 

 Cosine correction Y:      Active 

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

----------- 

 Frequency 

  

 Bandwidth:                64 kHz 

 Bandwidth from:           312.5 mHz 

 Bandwidth to:             64 kHz 

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

----------- 

 Sampling 

  

 FFT  Lines:               204800 

 Sample frequency:         160 kHz 

 Sample time:              3.2 s 

 Resolution:               312.5 mHz 



4 

 

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

----------- 

 Trigger 

  

 Source:                   Reference 1 

 Edge:                     Positive slope 

 Level:                    3 % 

 Pretrigger:               0 % 

 Phase from reference:     On 

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

----------- 

 Channel Vibrometer (connected to Vibrometer 1) 

  

 Direction:                +Z 

 Quantity:                 Velocity 

 Calibration factor:       500e-3 m/s 

 Signal Delay:             222.573e-6  s 

 Filter Type:              No Filter 

 Int/Diff Quantity:        Velocity 

 Window:                   Rectangle 

 Signal Enhancement:       Active 

  

 Channel Reference 1 (connected to Vibrometer 2) 
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 Reference:                Active 

 Reference point index:    0 

 Direction:                +Z 

 Range:                    10 V 

 Coupling:                 DC 

 Impedance:                1 MOhm 

 IEPE:                     Off 

 Quantity:                 Velocity 

 Calibration factor:       50e-3  (m/s)/V 

 Signal Delay:             137.81e-6  s 

 Filter Type:              No Filter 

 Int/Diff Quantity:        Velocity 

 Window:                   Rectangle 

 Signal Enhancement:       Not active 

  

 Channel Reference 3  

  

 Reference:                Not active 

 Direction:                +Z 

 Range:                    10 V 

 Coupling:                 AC 

 Impedance:                1 MOhm 

 IEPE:                     Off 

 Quantity:                 Force 
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 Calibration factor:       88.73918 N/V 

 Signal Delay:             126.76e-6  s 

 Filter Type:              No Filter 

 Int/Diff Quantity:        Force 

 Window:                   Force 

 Signal Enhancement:       Not active 

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

----------- 

 Signal Enhancement         

  

 Speckle Tracking:         Active 

 Mode:                     Fast 

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

----------- 

 Vibrometer 1 

  

 Controller:               PSV-F-500 

 Firmware version:         1.13 

 Tracking filter:          Off 

  

 Velocity output 

  

 Decoder:                  DV-03 

 Firmware version:         1.10 
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 Range:                    500 mm/s 

  

 Vibrometer 2 

  

 Controller:               OFV-5000 

 Firmware version:         2.14 

 Sensor head:              OFV-505 

 Firmware version:         2.00 

 Tracking filter:          Off 

  

 Velocity output 

  

 Range:                    VD-06 50 mm/s/V LP 

 Low pass filter:          Off 

 High pass filter:         Off 

  

 Displacement output 

  

 Range:                    DD-900 5 mm/V 

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

----------- 

 Function Generator 1 

  

 Type:                     Polytec Ethernet Generator 
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 Signal:                   Off 

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

------- 
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Appendix 6. Piezo drive specification 

Key specifications 

1. Output voltage: The output voltage function spans between 0 and 800 V peak-to-peak 

and offers standardized voltage ranges for use. 

2. Output current: Up to 32 A peak-to-peak, depending on the selected voltage range. 

3. Load impedance: Supports a range from 1 ohm to 5 kOhms, optimized for specific 

voltage ranges. 

4. Frequency range: Standard operation between 20 kHz to 200 kHz, extendable up to 500 

kHz with modifications. 

5. Control interfaces: The device contains two control interfaces including USB and RS485 

to offer more flexibility. 

6. Digital I/O: Includes 4 digital input/output ports for manual control inputs.  

Operation modes 

Constant voltage mode: Ideal for applications with steady mechanical loads. At parallel 

resonance the device maintains proportional voltage output that stays consistent as the 

system experiences minor load variations.  

Current tracking mode: The current tracking mode tracks series resonance operations by 

adjusting the voltage to maintain a steady current output. 

Control and interfaces 
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1. USB and RS485 can be used for software control and integration into automated systems. 

2. Front panel indicators: Power (ON): Indicates when the device is active. Overload 

(OVL): Signals an overload or shutdown condition. 

3. Digital I/O ports: For manual and automated control, four input/output ports are 

available.   

Setting up the transducer 

Connect the transducer by attaching it properly with high-voltage screw or LEMO 

connectors supplied. 

Users need to determine an output voltage scale for the transducer which corresponds to its 

impedance during resonance. Uncertain devices should be tested with a signal generator 

together with an oscilloscope to check both unloaded and loaded impedance conditions. 

Enable and test 

1. Power on the device and enable the amplifier through the software or handheld 

controller. 

2. Gradually increase output and monitor phase alignment using the phase control feature. 

Desktop software 

1. Real-time monitoring: View current, voltage, phase, and power measurements. 

2. Adjustments: Set control parameters like output voltage, frequency limits, and load 

power. 
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3. Impedance sweeps: Identify optimal operating frequencies through impedance scans. 

 

Figure 47. PDUS software interface 

Applications 

The PDUS210 is suitable for various applications, including (PDUS210 Ultrasonic driver - 

PiezoDrive, 2024): 

1. Ultrasonic based drilling and cutting 

2. Cleaning processes 

3. Medical and dental devices 

4. Ultrasonic testing 

5. Cavitation and vaporization processes  

Control and integration 

Different control options exist for operating the device which include: 
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1. The PC control feature operates through the integrated software package. 

2. A direct manual method of operation is available through controls located on the front 

panel. 

3. The system accepts external logic signals from a foot-operated button as one possible 

command method. 

4. Users can access the API which enables connection through RS485 and USB ports for 

automated test system integration with industrial machines. 

Output characteristics 

A pure sine-wave output from the PDUS210 meets the requirements for operation under 

electrical parallel resonance conditions (anti-resonance point). The operating mode stands 

near mechanical resonance frequency while showing resistance to load dissipation 

alterations thus it proves useful during precision machining operations that need 

uninterrupted vibration amplitude .(PDUS210 ultrasonic driver - PiezoDrive, 2024.) 

 

 


