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IN MEMORIAM 
PROFESSOR GRAŻYNA GRELOWSKA 

1955—2022 

We write these words with great sadness and regret, feelings 
caused by the loss of such a special person as Professor Grażyna 
Grelowska was. Our memories and thanks for the gift of acquain-
tance, friendship and the possibility of working together provide 
evidence of that what united us and made us focus on the issues 
of science and the effort to explore the surrounding world, and 
more specifically – the sea depths and the sound propagating in 
water, acoustics and hydroacoustics. 

Professor Grażyna Grelowska was professionally associated 
with the Polish Naval Academy in Gdynia (PNA) “Heroes of Wes-
terplatte” and the Gdańsk University of Technology. At the Naval 
Academy, she served as vice-rector for science and director of the 



Hydroacoustics Institute at the Faculty of Navigation and Naval 
Weapons. She headed the Department of Hydromechanics and 
Hydroacoustics at the Faculty of Ocean Engineering and Ship 
Technology of the Gdańsk University of Technology. She was 
a member of the Senate of the Naval Academy, and also partici-
pated in the scientific councils of other universities and insti-
tutes. Both the interests and scientific achievements of Professor 
Grelowska concerned the application of acoustic methods in the 
research of the marine environment; the area of Her activity also 
included research for the navy and merchant navy needs, Border 
Guard, and environmental protection. 

The education and the path of scientific development of Profes-
sor Grelowska were related to technical sciences. She started at 
the Gdańsk University of Technology, where in 1978 she obtained 
a master's degree in engineering at the Faculty of Electronics, 
specializing in electronic equipment. In 1990 at the Military Uni-
versity of Technology, Faculty of Chemistry and Technical Physics, 
she received PhD in technical sciences (the specialization of ma-
terials engineering) with honors, and in 2002 at the Institute of 
Oceanology of the Polish Academy of Sciences in Sopot, she re-
ceived the degree of habilitated doctor in the specialization of ocea-
nology. The culmination of the research work was the title of pro-
fessor of technical sciences, awarded by the President of the 
Republic of Poland in 2017. It is a beautiful, impressive card of 
strenuous and fruitful scientific work, daily effort, and sacrifice. 

From the beginning of her rich scientific career, Professor 
Grelowska was passionate about marine research. At the turn 
of 1978 and 1979, she took part in a research cruise to Antarc-
tica on the RV “Profesor Siedlecki”. In addition, while working at 
the Naval Academy and the Gdańsk University of Technology, 
she organized numerous research cruises in the waters of the 
Baltic and the North Seas, measuring the parameters of sea 
water and the structure of the seabed using non-linear acoustics. 

An important area of Professor Grażyna Grelowska's scientific 
and social activity was a membership in scientific societies, or-
ganizations, institutions, and scientific consortia. She was 
a member of the Polish Acoustical Society since 1986, a member 
of the European Acoustics Association since 1998, and a member 
of the Marine Research Committee of the Polish Academy of 
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Sciences from 2007 to 2014. From 2011 to 2014, she served as 
the vice-chairwoman of the Acoustics Committee of the Polish 
Academy of Sciences and the chairwoman of the Board of Direc-
tors of the Polish Acoustics Society. From 2012 to 2013, she was 
a member of the Awards Team of the Ministry of Science and 
Higher Education, and from 2013 to 2016, she represented Po-
land in the International Commission for Acoustics as a member 
of the Board. Since 2019, she was the chairwoman of the Com-
mittee on Acoustics of the Polish Academy of Sciences and an 
honorary member of the Polish Acoustical Society. Professor Gre-
lowska actively participated in the editorial board of scientific 
journals. She served as the chairwoman of the Editorial Commit-
tee of Hydroacoustics, the vice-chairwoman of the Editorial Com-
mittee of the Naval Academy's Scientific Journals, and the editor 
of the hydroacoustics section of Archives of Acoustics. 

Among the scientific achievements of Prof. Grażyna Grelow-
ska were her contribution to the development of nonlinear hydro-
acoustics. In particular, there should be mentioned: 
• development of the theory of wave propagation of finite ampli-

tude in sea with low salinity, 
• determination of the non-linear B/A parameter for the southern 

Baltic using thermodynamic and acoustic methods, 
• broadening the knowledge about the phenomenon of nonlinear 

interactions in the near field of multi-element sources radiating 
high intensity waves, and 

• carrying out original studies of the structure of bottom sedi-
ments in the Gulf of Gdańsk. 

We are honored and privileged to have spent part of our lives 
with Professor Grelowska, a wonderful person and friend. In the 
last words of this farewell, we would like to thank Her for all the 
moments spent working together at the Naval Academy and the 
Gdańsk University of Technology. She contributed so much good 
to the life of our academic communities. We would like to thank 
Her cordially for this. 

We wish You a peaceful watch Dear Grażyna, Madam Professor! 
The memory of You and respect for You will remain with us forever. 

Professor Eugeniusz Kozaczka, PhD, DSc, Eng. 

Rear Admiral ret. Czesław Dyrcz, PhD Eng. 
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AURALIZATION  
OF ENVIRONMENTAL NOISE 

KEYWORDS: Auralization, computer simulation, real-time 
audio signal processing 

INTRODUCTION 

Imagine if time travel were possible and one could experience 
the future, i.e. to see and hear an urban or rural environment, 
which does not exist yet. In fact, this is possible with the tech-
nology of Virtual Reality. In virtual reality, almost any environ-
ment can be experienced auditory-visually, even if it is in the 
future. It goes without saying that a halfway correct description 
of the environment is a very big challenge. But once all charac-
teristics of the environment and the sound sources have been 
specific and implemented, the task of technical realization still 
remains. This requires a complex Virtual Reality (VR) technology, 
namely a display device for visual presentation (“3D glasses”) and 
a 3D audio playback technology (“surround sound technology”). 
The point is that with technology, both 3D viewing and 3D listen-
ing are available in virtually every home. Smartphones already 



provide rudimentary approaches. Head-Mounted Displays 
(HMD) have arrived on the computer games market and at corre-
spondingly affordable prices. Binaural playback via headphones 
is both old-fashioned and once again the focus of current re-
search when it comes to perfected individualized solutions. 

The technology is basically available, what do we do with it 
now? First of all, acoustics in research and practice and also 
interdisciplinary research with other sciences! 

Before the introduction to the acoustic-technical basics of 
virtual acoustics, here is a look at examples: VR technology can 
be used to plan runways or flight routes near airports. The major 
challenge here is to characterize the generation of aircraft noise 
with sufficient accuracy and to generate sound source signals 
from this, which then reach the receiver via models of atmo-
spheric sound propagation. This application will be discussed 
in more depth below. 

FROM SIMULATION TO AURALIZATION  
TO ACOUSTIC VIRTUAL REALITY 

The progress of virtual acoustics over the last decades can be 
divided into the phases of the development of simulation techni-
ques, audio signal processing, 3D audio technology and integra-
tion into VR system technology. In the fields of acoustics, the first 
steps were taken in room acoustics, then in building acoustics 
and vehicle acoustics, from which modular approaches were cre-
ated through the generalization of components and work steps, 
which can now be used in practically all applications of audible 
sound. 

Early as 1962, Manfred Schroeder formulated a vision of com-
puter simulations in room acoustics, which were later developed 
by Krokstad et al. (1968) were actually presented. In the 1990s, 
these methods were finally developed to such an extent that re-
sults in great detail could be achieved after just a few minutes or 
hours on standard PCs (which only then became widespread), if 
necessary “over a weekend”. These programs represent a very 
useful addition to the model measurement technology, which 
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also has its advantages, but is not exactly easy to use for the 
rapid prediction of room-acoustic impulse responses. From 
around 1990, first auralizations were presented, which enable 
to create audio files from the computed impulse responses (Klei-
ner et al. 1993). 

Reproducing a previously made recording of a sound source 
in that exact environment should ideally provide exactly the 
same listening experience. While this is not an auralization in 
particular, it is a good reference for auralization validations. 
The key feature of auralization is that it considers the source 
and transmission environment separately, see Fig. 1 (Vorländer 
2020). As a result, different sound sources can be listened to, for 
example, with existing audio filters, without all of these having 
been previously recorded in the relevant transmission environ-
ment. Or a source can be listened to in different environments. 

Accordingly, auralization consists of a modular approach in 
the separation of sound source, sound propagation components 
and receiver. In principle, all parts are interchangeable, so that 
when the components are varied, the resulting effect on the audi-
tory event can be perceived immediately. It is now only a small 
step to integrate it into the system technology of virtual reality. 
However, it took 30 years to go there, rather there were many 
small steps from the first multimodal interactive VR implementa-
tions such as “SCATIS” 1992–1995 (Blauert et al. 2000) and 
“DIVA” (Savioja et al. 1999) up to today's established VR systems 

Figure 1. Key features of auralization: sound signal,  
sound propagation filter (impulse response), and sound playback. 
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such as “TASCAR” (Grimm 2015 1) or “VA” (Wefers and Vorländer 
2018 2). Interestingly, in both of the early VR systems, multimo-
dal investigations of haptics and acoustics were in the fore-
ground, while the visual component was of only rudimentary 
importance. This can be explained by the fact that 3D computer 
graphics were still in the early stages of development. 

Today, next to haptics, computer graphics is the most impor-
tant component of VR technology and is evident in the majority of 
VR applications and publications in the field. However, the 
acoustics are playing an increasingly important role, especially 
since the feeling of presence in the virtual world (“immersion”) is 
increased enormously with a plausible 3D acoustic simulation. 

VR tools are now an integral part of research and develop-
ment. An overview of the system components is shown in Fig. 2. 
The environment model contains all the input data needed for the 
simulation, and just like with auralization, these are sound 
source position, sound power, orientation, directivity, etc. as well 
as all the input data for the environments, be it indoors or out-
doors. The receiver must also be placed, also with regard to the 

Figure 2. Implementation of an acoustic VR system 

1 https://github.com/gisogrimm/tascar 
2 http://virtualacoustics.org/ 
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viewing/listening direction. The acoustic virtual reality must 
then be produced and presented in “real time” in such a way that 
it is perceived as quasi-real. And this in synchronization with the 
simulations for the other sensory perceptions in virtual reality 
(visual, tactile, tactile, olfactory), of which not all, but as many 
as possible should interact in order to achieve complete immer-
sion. At this point, psychoacoustics provides valuable informa-
tion on the perception thresholds of details in spectral, temporal 
and spatial sound, loosely based on the motto “simulate only as 
complex and precise as humans can resolve differences”. 

STEPS TO CREATE VIRTUAL ACOUSTIC SCENES 

It should be pointed out once again that not only “sound ef-
fects” but physically-based virtual acoustic scenes are to be cre-
ated. Depending on the application, it must be decided which 
psychoacoustic criteria are particularly important and in which 
components the auralization must be applied particularly pre-
cisely. It is indeed the case that every auralization only creates 
an illusion, but never a real image of reality, even if an existing 
environment is supposed to be reproduced exactly. This consid-
eration brings us to the question of validation against compar-
isons between reality and virtual reality, but more on that later. 

SOUND SOURCE CHARACTERIZATION 

The work steps in virtual acoustics begin with the recording or 
synthesis of sound signals. However, one important condition 
must be taken into account here: Examples of pieces of music 
recorded in 3D are multi-channel recordings and simulations 
(e.g. Rindel et al. 2004), which can also be used with sound-de-
pendent radiation characteristics. The source characterization of 
musical instruments and the human voice is therefore much 
more than a simple "recording" like in a music studio. Many other 
factors have to be considered, e.g. suitable data formats with 
sufficient resolutions in spatial and spectral dimensions. 
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Now it would be nice if the same concept could be more gen-
erally applicable with an enveloping microphone array. Unfortu-
nately, this is not possible with moving sources whose sound 
emissions are to be recorded during normal operation. We think 
of sources of traffic noise such as vehicles, trains or airplanes, 
which are the relevant sources in environmental noise. Theore-
tical source models, computer simulations or experimental 
methods must be used here, also in combination, in order to at 
least approximately estimate the spectral envelopes of the partial 
sound power of stochastic noise components (jet noise, tire noise, 
wind noise, etc.). In a synthesis step, previously neutral noise 
signals (white, pink) can be parametrically filtered from this data 
in such a way that the spectral and directional sound intensities 
correspond to those of the traffic sources. The signal components 
from periodic or rotational processes in machines or engines, in 
the case of rolling noise, a synthesis can be added, which is con-
trolled using revolutions per minute data. This was, for example, 
by Pieren et al. (2017) for a rail noise simulation and, as de-
scribed in the overview by Rizzi (2016) for the aircraft noise si-
mulation, most recently also by Dreier and Vorländer (2020) for 
the auralization of commercial aircraft. 

Now that the source signals are at least available in an ap-
proximate form, one can now ask how the sound propagates into 
the environment. Here, too, there are simply cases and situations 
with extreme challenges. In many cases, the radiated power is 
independent of the environment. This is not generally the case 
with primary sources of structure-borne noise, but it is definitely 
the case with the vast majority of airborne noise sources. 

SOUND PROPAGATION MODELS 

In general, the simulation of the impulse responses must in-
clude all relevant effects on the sound wave propagation, such as 
reflection, scattering, transmission, diffraction, refraction, attenua-
tion, wind speeds and temperature profiles in the atmosphere, etc. 

A more elegant solution is the direct solution with simulation 
methods that deliver results in real time, i.e. within around 
50 milliseconds. In an indoor scene, for example, the VR user 
could look around or “walk around in the room”, sound sources 
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can also move, which creates the need to constantly calculate 
new impulse responses. This is especially true for a virtual scene 
with aircraft noise, where the source is moving very quickly while 
looking around the virtual environment. However, real-time im-
pulse response calculations are only possible with the help of 
approximations, which entail substantial acceleration of the cal-
culation time. This applies in particular to “geometric acoustics” 
(Savioja and Svensson 2015). This is known, among other things, 
in the form of image source methods and ray tracing. In geome-
trical acoustics, sound paths are constructed by connecting the 
source point and receiving point with a straight line, which “rays” 
are considered to be the counterpart to waves (ray/particle-wave 
dualism), just as in ray optics. It is not so well known that curved 
paths can also be calculated, namely in the case of refraction in 
stratified media such as the atmosphere (Wilson 2015). For the 
propagation of sound in addition to the direct line of sight be-
tween the source and receiver, i.e. via reflection, scattering and 
diffraction, the computer has to find the relevant beam paths in 
no time at all. Special algorithms will not be discussed here, but 
it should be said that parallel to the historical development of 
virtual acoustics there has been a rapid development of numer-
ical methods, some of which are ideally suited for real-time ap-
plications (Savioja and Svensson 2015). 

Source data and sound propagation models are now available, 
which can be used to simulate the sound field at the reception 
point. But the receiver is no longer a mathematical point. There is 
someone standing there, and this person hears the virtual sound 
event in a three-dimensional space. 

3D HEARING AND SEEING IN VIRTUAL WORLDS 

Playback technology for “3D audio” is an essential part of VR 
systems, which must be able to meet high quality standards with 
regard to the psycho-acoustically relevant aspects of perception. 
Details may vary from one VR application to the next. Some ap-
plications require accurate localization, while for others monaur-
al spectral features such as reproduction with exact loudness 
and timbre are more important. 
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In a visual analogy, modern “shutter glasses” based on polar-
ization filters or green-red filters in conjunction with high-reso-
lution video displays deliver very good stereoscopic images, as do 
the head- mounted displays (HMD) or “VR goggles”. HMDs have 
two small video displays built into goggles or a helmet. Two 
slightly shifted images for the left and right eyes are created for 
the illusion of depth in the video, similar to old stereoscopic de-
vices. Binocular vision allows distances to be estimated when 
looking at nearby objects. With the right eye, we see a nearby 
object projected onto a different part of the retina than the left, 
and this difference becomes more significant when the object is 
close. In this respect, technologies for three-dimensional vision 
are already available in good quality solutions. This is now also 
the case with loudspeaker-based 3D audio technology such as 
Ambisoncs (Gerzon 1985). 

A 3D audio playback system for VR applications in research 
should not be confused with surround sound systems in consu-
mer electronics. The main difference is that VR applications are 
based on physical models and the highest possible degree of rea-
lism in the components of sound and vibration generation, trans-
mission and reproduction. This is a different goal than that pur-
sued by an audio engineer for a music production. Even when 
recording live, he or she uses recording techniques and strategies 
for aesthetic optimization and instrument placement to achieve 
the best result for a home speaker setup, which then reproduces 
stereo or 5.1 signals. 

APPLICATION IN ENVIRONMENTAL NOISE 

The acoustics of outdoor environments are subject of research 
in environmental noise and in soundscape studies. This may 
apply to nature and in particular to the built environment in 
the context of human well-being and health. The sound sources 
are natural sources such as animals and waterfalls, and man- 
made objects such as vehicles, etc. Traffic noise play a very large 
role in these studies, and the sound propagation from the road, 
rail or air vehicles in the outdoor environment must be com-
puted. 
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LINKING ATMOSPHERIC  
AND URBAN SOUND PROPAGATION 

Real-time computation of atmospheric sound propagation can 
be implemented by using approximations of geometrical acous-
tics. A common method is ray tracing, which provides estimates 
of the acoustic paths. However, the atmosphere is a dynamic in-
homogeneous medium. More specifically, speed of sound var-
iances as well as wind have to be taken into account. Therefore, 
refraction and translation effects, which arise from interaction of 
the sound wave with the medium are included in the ray tracing 
algorithm. The method delivers so-called eigenrays, which con-
nect the (moving) source with the receiver. Since the propagation 
through inhomogeneous media causes curved rays, the identifica-
tion of eigenrays is not trivial. In an efficient implementation (ray 
zooming), the simulation is carried out with a low angular resolu-
tion. Based on the results, the resolution is stepwise increased 
around certain emission angles. This procedure is repeated multi-
ple times until the receiver is reached within a certain accuracy. 
With this method, eigenrays between an aircraft and a receiver on 
the ground (reflecting plane) can be efficiently determined (Schä-
fer and Vorländer 2021). This does not include, however, any rea-
listic urban environment with buildings, etc. 

In order to extend the applicability to full scenarios of the built 
environment, Schäfer and Vorländer (2022) introduced the so- 
called virtual source method (VSM). It combines the properties 
of a curved free-field path calculated with the atmospheric model 
to sound paths of the urban model. For this purpose, a virtual 
source position is determined from the atmospheric path, which 
is then used for the urban simulation as shown in Fig. 3. This 
position is further serving as apparent source position, so that 
the incident direction at the receiver as well as the atmospheric 
propagation delay are maintained for the direct urban sound 
path. Thus, the distance between apparent source and the recei-
ver is calculated using speed of sound of the urban domain. With 
this, the atmospheric propagation path can be smoothly inte-
grated into the urban propagation simulation algorithm. 

Real-time sound path computation in urban areas is based on 
geometrical acoustics as well. The main propagation effects are 
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reflection, scattering, and diffraction. While reflection and scat-
tering components can be determined with classical ray tracing 
similar as applies to room acoustics, higher-order diffraction is 
crucial due to rather sparse impulse responses. Pathfinder algo-
rithms and strategies for culling, i.e. extraction of irrelevant (in-
audible) paths, is essential in order to achieve real-time perfor-
mance. First steps are published by Erradj et al. (2021) and will 
be continued in the context of traffic noise auralization (Dreier 
et al. 2022) and, as mentioned above, in the combination of at-
mospheric and urban sound propagation. With this overarching 
approach, complex scenarios consisting of aircrafts and road or 
rail vehicles can be auralized. 

Figure 3. Definition of virtual source based on an atmospheric free field path 
(after Schäfer and Vorländer 2021). 

Figure 4. Atmospheric free field path (dashed, grey) and determination of urban 
paths (yellow and red) based on this virtual source position and an urban 

propagation model. 
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As shown in Fig. 4, after the relevant sound paths are known 
each path with its features (spectrum and delay) can be further 
processed by means of digital filters. 

REAL-TIME SIGNAL PROCESSING 

A real-time audio processing framework must be able to 
acoustically render virtual outdoor environments with dynamic, 
moving sources, partly fast-moving sources and interactive re-
ceivers in a built environment. To comply with aspects of real- 
time auralization constraints, it is required to implement dy-
namic scene handling, acoustic simulation and audio proces-
sing. The approach introduces an auralization timeline to record 
and up-sample scene updates and sort simulation results from 
a scalable scheduler instance in a chronological, layered history 
(Stienen 2022). Based on the history data, a smooth treatment of 
propagation delays is achieved by interpolation and extrapola-
tion methods and chronologically correct event scheduling. A Di-
gital Signal Processing (DSP) network processes propagation ef-
fects such as spectral effects from reflection and diffraction. 
Time-variant Doppler shift for many individual geometrical 
sound paths in real time using low-order Infinite Impulse Re-
sponse (IIR) filter units. Key feature of the design is the implicit 
capacity to adapt to fast motion by introducing Single-Input Mul-
tiple-Output Variable Delay Lines (SIMO-VDLs). For spatial 
audio reproduction, binaural technology with a directional clus-
tering routine at the receiver operates at a quasi-constant com-
putational load. 

The method uses Head-Related Impulse Response (FIR1, 
FIR2, …) convolutions and adjusts the Inter-aural Time Differ-
ence (ITD) mismatch using Fractional Delays or each individual 
propagation path, while maintaining efficiency by merging Dop-
pler interpolation and ITD correction into a single routine. The 
complete layout of the DSP network that represents the core of 
the audio rendering module is visualised schematically in Fig. 5. 
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CONCLUSION 

Using a combined scenario, an aircraft flyover over an urban 
area was auralized3. The resulting audio demonstration under-
lines how considering reflections and diffraction at urban struc-
tures, increases the stereophonic realism significantly. This 
holds particularly regarding the localization of the source when 
the direct path is occluded, so that secondary sound paths be-
come dominant. 

Next steps towards improvements and extensions are in pro-
gress. This concerns listening tests with variants of diffraction 
filters in order to optimize computational effort with reference 
to perception. Also, inclusion of surface scattering is relevant 
when it comes to complex building facades with roughness tex-

Figure 5. DSP network for real-time auralization of dynamic, outdoor environ-
ments. Each of N sources provides a signal that feeds a SIMO-VDL. Read cursors 
per source receiver pair transfer a delayed propagation path signal including 

spectral propagation effects. 

3 Audio-visual demonstration of an aircraft flyover. ### Youtube or 
IHTA-website, link will be added in the author proofs ### 
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ture on various scales. Regarding atmospheric propagation, tur-
bulence is an important aspect, which can be included in the 
auralization process using time-variant filters. While this was 
successfully done for auralizations based on the Atmospheric 
Ray Tracing framework alone where only two sound paths are 
considered, this is ongoing work for the presented approach. Fi-
nally, the combination of the aircraft sound component with that 
of other sound sources in urban environments will lead to the 
ultimate goal of establishing an open-source Virtual Reality tool-
box for soundscape research. 

It can be seen that each application requires careful consid-
eration of the entire simulation chain from source to receiver and 
beyond to experimental design. This is exactly what distin-
guishes virtual acoustics in acoustic research and practice from 
3D sound in computer games, in which impressive 3D scenarios 
are presented, also highly interactive, but without any reference 
to the physically real conditions in the respective scene. 
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FURTHER MULTIMEDIA EXAMPLES 

Virtual acoustics at the IHTA of the RWTH Aachen University: https:// 
bit.ly/36ZIqUw 

Park and Convention Center: https://bit.ly/33L4foW 
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Aircraft noise: https://bit.ly/33KzgcB 
Interactive scene in a park: https://bit.ly/2peKdnE 
A look into a sports arena: https://bit.ly/2X8CxQs 
Interacting with Virtual Humans: https://bit.ly/373l0hd 
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THE ROLE OF WATER SOUNDS  
IN MULTI-SENSORY ENVIRONMENTS 

ABSTRACT 

Water sounds have always been, and are still nowadays, abso-
lutely among the most appreciated natural sounds. Besides its mul-
tiple types of emission in terms of loudness, temporal variation and 
spectral sound distribution, water sounds are rarely interpreted as 
a negative element. 

Furthermore, water sounds evoke positive sensations and ex-
pectations, and the informational masking of water sounds is effec-
tive in mitigating the adverse effects of noise. From a psycho- 
physiological perspective, listening to water sounds can improve 
the perceived Restorativeness of a place, induce neural relaxation, 
or activate the parasympathetic nervous system responsible for 
stress relief. 

This review analyses the role of water sound in multi-sensory 
environments through the investigation performed in several disci-
plines. In the first part, we briefly describe the typologies of sounds 
generated by water, then the effects that water sounds can have on 
humans, and in the end, are presented the preliminary results of 
a study on the emotions elicited by water noise conducted at Isola 
del Liri, a unique historical village in central Italy where inhabitants 
cohabit daily with a waterfall noise.  



1. THE CHARACTER OF WATER SOUND 

The water sound is produced by water movement, the flowing 
along a path, or the falling on a surface. It is mainly a white 
sound, characterized by equal energy across all frequencies 
and with no dominant tones. Water sound is associated with 
the movement of water along natural elements, such as rivers 
or waterfalls. Moreover, water sounds can also be produced by 
artificial elements which mimic natural ones, like water struc-
tures. Dewar [1] grouped water structures into three types: still 
water structures, moving water structures, and fountains. A clas-
sification of sounds produced by moving water structures and 
fountains was proposed by Rutherford [2] into: 1) jet and basin 
fountains made up of single or multiple nozzles, distinguished by 
the sounds produced by the hissing of the geysers and the 
splashing and bubbling of the water falling into the basin; 2) nat-
uralized waterfalls, whose sound is characterized by the turbu-
lence of the water splashing into a pool of waterfall or impacting 
on surfaces as it falls; and 3) Linear step or cascade structures 
generate a line source of sound by involving a series of formal or 
naturalized steps with vertical drops ranging from centimetres to 
metres. 

The aforementioned water structures produce varying levels 
of sound. According to Brown and Rutherford [2], a fountain with 
three large geysers and four smaller geysers distributed over a ba-
sin of 18 x 7 meters with an overall flow rate of 20 l/s can gen-
erate sound levels ranging from 73 to 79 dB(A), a naturalized 
waterfall of 6 meters high and 11 meters wide with a flow rate 
of 125 l/s produces sound levels of 79 dB(A) at its base, and 
a continuous flow of water with low volume dropping down a ser-
ies of 20 steps generate sound levels of 67 dB(A). 

You et al. in [3] investigated the characteristics of some pre-
viously mentioned water structures finding that sounds from 
streams, falling water, and waterfalls are distinguished by con-
tinuous sound pressure levels, whereas water sounds from foun-
tains have different temporal variability of the sound pressure 
levels. The fountains have been found to have the highest sound 
pressure level, while the stream has the lowest. 
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2. THE EFFECTS OF WATER ON HUMANS 

Exposure to water sounds protects people against the impact 
of environmental stressors, improving the human perception of 
a place and mediating the adverse effects of stress by enhancing 
positive emotions and changes in physiological activity [4–10]. 

2.1. HUMAN PERCEPTION 

Paton et al. in [11], aiming to determine the factors that affect 
human acoustic comfort, investigated 16 different water sounds: 
1) natural: streams, small waterfalls (< 2 m), surf or soft waves 

(< 1 m), heavy rain during a winter storm and a weak rain in 
spring; 

2) water jets: jets of medium size (~ 2 m), jets of long size 
(> 4 m), intermittent jets, multiple jets that do not collide 
and jets that collide; 

3) waterfall of small (50 cm), medium (1.5 m) and high (> 4 m) 
height; 

4) faucet/dripping, with regular, irregular, temporary, or multi-
ple simultaneous drips. 
According to the responses of a sample of 135 subjects, nat-

ural sounds are preferred over artificial sounds, and more speci-
fically, water jets and waterfalls produce a marked acoustic aver-
sion to humans. 

On the other hand, Pérez-Martínez et al. [12] investigated the 
perception of dominant sounds in 19 sites in the Alhambra (Gran-
ada), which are primarily distinguished by the presence of water 
sounds in large part of its extension and in various forms 
(e.g., fountain, water flowing, and waterfalls). According to a survey 
conducted on a sample of 385 people, 58.7% of participants iden-
tified the water sound, while 38.2% of participants identified the 
water sound as dominant, mainly in 8 locations. Moreover, 83.6% 
of participants evaluated the water sound as pleasant, only 3.1% 
as unpleasant, and the remaining part (13.3%) as neutral. 

As the water sound spectrum may be similar to the city noise 
spectrum, some components of urban noise can be masked by 
water sounds. In effect, when the city background noise is at 
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least 8 to 10 dB(A) below the water sounds, it can be completely 
masked. Partial masking occurs when the differences become 
smaller [2]. De Coensel et al. [13] explored the potential of foun-
tains as a partial masking means. They showed that introducing 
sound from water structures into the urban setting reduces the 
perceived loudness of the freeway and major road traffic noise. 

Moreover, water structures characterized by sounds with low 
sharpness and large temporal variation, such as sea and water 
streams, are highly effective in terms of information masking of 
road traffic noise, improving the sound environment's overall 
pleasantness preferable to fountains and waterfalls [14,15]. 

2.2. PSYCHOPHYSICAL EFFECTS 

The effects induced by evocative audio-visual water structure 
on the perceived restorativeness in an urban park were investi-
gated by Masullo et al. [16]. An immersive audio-visual virtual 
reality experiment with different water structures was used. 

More specifically, water structures with regular or wrapping 
shapes combined with four different water sounds (big and small 
sea waves; big and small river) and a basic scenario simulating 
the urban park as it was, were used. The degree of Restorative-
ness of each scenario was measured using the Perceived Restora-
tiveness Scale. The results showed that all the scenarios were 
perceived as restorative compared to those without water struc-
tures. The river sound seemed to induce a greater perceived Re-
storativeness with respect to the sound of sea waves (Figure 1). 

The overall mental state assessment and brain network chan-
ges of brain processes related to informational masking of road 
traffic noise were investigated using EEG measurements by Li 
et al. [17]. During the listening test, the road traffic noise was 
combined with fixed, switching and moving water sound sources. 
The EEG spectrum results showed that the introduction of water 
sound in a traffic noise environment increases the power of the 
alpha band with a consequent enhancement of neural relaxation 
confirmed by the alpha-beta ratios (Figure 2), an index represen-
tative of mental relaxation opposite to mental fatigue and mental 
stress. 
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Figure 1. Left: The virtual reality scenarios: (a) big sea waves; (b) small  
sea waves; (c) big river; (d) small river. Right: Result of perceived  
Restorativeness extracted from Masullo, M., Maffei, L., Pascale, A.  

Effects of combination of water sounds and visual elements on the traffic  
noise mitigation in urban green parks. Proceedings of Internoise 2016,  

Hamburg, Germany, 21-24 August. 

Figure 2. Left: The average relative power of alpha band across five regions 
between four conditions: RTN – road traffic noise; FPW — frontal position-fixed 
water sound; TSW - two-position switching water sound; FMW- four positioned — 

randomized moving water sound. Right: power spectrum of EEG across five 
regions between four conditions with topography of the alpha band is depicted. 

The asterisks indicate the significance level of the post hoc ANOVAs results:  
*p < 0.05, **p < 0.01, and ***p < 0.001 extracted from Li, J., Maffei, L., Pascale, A., 
Masullo, M. (2022). Neural Effects of the Spatialisation of Water-Sounds Sequences 

on Masking Traffic Noise: a Psychophysical Study. J. Acoust.  
Soc. Am. 152(1), 172-183. 

The role of water sounds in multi-sensory environments 31 



Furthermore, Shu and Ma have investigated the physiological 
responses (Electrodermal Activity, EDA; Hearth Rate Variability, 
HRV) [18]. Their study tested the restorative effects of different 
soundscapes on children’s stress in a simulated urban park set-
ting. The study used a stream and a fountain sound as potential 
restorative water structure. The physiological responses were 
measured during and after a stressor task. When comparing 
the stressor and recovery periods, the findings revealed that chil-
dren's levels of EDA and HRV (Beats Per Minutes) decreased sig-
nificantly during both water sounds structures exposure. More 
specifically, the EDA decreased more during fountain sound ex-
posure. 

3. EMOTIONS AND WATERFALLS SOUND POWER 

Isola del Liri is a small town in central Italy whose historic 
centre is characterized by the presence of waterfalls. The territory 
is rich in watercourses such as those of the river Liri, Melfa, 
Rapido and Fibreno, which led to the installation of numerous 
paper mills [19]. The town is characterized by two waterfalls 
named “Cascata Grande” and “Cascata del Valcatoio”. The water-
fall named “Cascata Grande” is the big one (Figure 3), and it is 
formed by the right arm of the Liri river, and it is about 27 meters 
high. 

The waterfall area is surrounded by the Boncompagni - Visco-
gliosi Castle, Via Cascata, which is lined with restaurants, bars, 

Figure 3. Isola del Liri. Cascata Grande Waterfall. 
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and pizzerias, the town hall, and the ex-felt factory Ippolito & Pi-
sani, which houses a gallery and the panoramic terrace overlook-
ing the waterfall. The sonic environment is defined by typical café 
and restaurant sounds, music, people's conversations, road traf-
fic noise, and, most notably, the sound of the waterfall. 

Spot binaural recordings were carried out on September 2022 
while the waterfall flow rate was medium-low. A 4-channel re-
cording/playback system SQobold and a binaural headset BHS 
II were used. For the acoustic measurements were selected three 
sites: the panoramic terrace overlooking the waterfall (ex-felt fac-
tory Ippolito & Pisani); via Cascata (closer to Boncompagni – Vis-
cogliosi castle) and an area hidden from the view of the waterfall 
(Piazza San Lorenzo) (Figure 4). 

The acoustic measurement results showed that the A- 
weighted sound equivalent level is 77.2 dB(A) in the proximity 
of the waterfall, and it decreases in the shadow area where the 
A-weighted sound equivalent level becomes 55 dB(A). In the in-
termediate area overlooking the waterfall, the noise level was 
measured at 67 dB(A).  

Simultaneously, to investigate the effects of the waterfall 
sounds on the surrounding environment, a questionnaire was 

Figure 4. a) Maps of site selected for acoustic measurements.  
b) Spot binaural recordings. c) area overlooking the waterfall.  

d) shadow area from view  
of the waterfall. 
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administered to local people who were present in the waterfall 
area. The questionnaire was divided into three sections: 1) Gen-
eral information on socio-demographic data; 2) Weinstein Noise 
Sensitivity Scale [20, 21]; and; 3) Emotional Salience [22]. More 
specifically, the last section of the questionnaire aimed to assess 
the sonic environment perception and the feelings provoked by 
the auditory stimuli. To this aim, two 6-items questionnaires on 
a 9-point Likert scale were used. 

Ten people were involved in the survey (7 male and 3 female) 
ranging from 18 to 39 years. Half of them visit the waterfall area 
daily, while the rest stay in the area several times per year (3) or 
per week (2). The participants’ noise sensitivity was measured 
using the italian version of the Weinstein Noise Sensitivity Scale. 

The subjective questionnaire results revealed that the water-
fall sound is perceived as Pleasant, Attractive, and Stimulating 
(Fig 5 left), while, on the other hand, it induces a state of Calm, 
causing people to feel Happy and to be Energetic (Fig 5 right). 

4. CONCLUSIONS 

In this paper, the role of water sound in multisensory envir-
onments has been described. The results that emerged from the 
studies of different disciplines showed that the use of water 
sounds has a positive effect on human well-being and environ-

Figure 5. Results of the 6-items questionnaires. Left: sonic environment 
perception; Right: feelings provoked by the auditory stimuli. 
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mental perception. Among the various water sounds investi-
gated, the waterfall is less preferred when compared to other 
water sounds. 

However, the investigation carried out in the small town of 
Isola del Liri where the presence of a huge and continuous water-
fall is responsible, all day and night long, for sound levels in the 
range 55–77 dB(A), showed that the sound environment is eval-
uated positively by the people interviewed and induces positive 
emotions. 
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BIOFILMS: REMOVING MARINE 
BIOFOULING FROM HULLS, AND CLEANING 
WOUNDS (AND GROWING SKIN BACK OVER 

THEM) IN HUMANS, USING JUST AIR 
SOUND AND WATER 

ABSTRACT 

The growth of marine biofouling on ship hulls, and chronic in-
fections in wounds, have a common foundation in the initial growth 
of bacterial biofilms over the surface. Biofilms are communities of 
bacteria that form living ‘aggregates’ that are far more resistant to 
removal (by chemicals, antibiotics, or mechanical scrubbing) than 
single (planktonic) bacteria. As it matures, the biofilm forms the 
foundation in which other species can grow, leading to marine bio-
fouling on ship hulls, and chronic infections in human and animal 
wounds. The existence of chronic wounds in humans shows that 
current treatments are not wholly effective (the estimated cost of 
healthcare services in the UK for chronic wounds alone was £5.6 bil-



lion in 2017/18). The toxicity of antifoul for hulls, and the effort 
required to mechanically remove marine biofoulant, has led to the 
development of through-hull ultrasonic deterrents to reduce bio-
fouling growth, but variable performance has stopped widespread 
adoption. 

This report introduces new technology that has combined air, 
sound, and saltwater, to reduce the growth of marine biofouling on 
hull materials, and removed biofilm from wounded skin, and even 
promoted skin regrowth over the wounds.  

1. INTRODUCTION 

1(A) INTRODUCTION TO THE PROBLEM 

The historical view of bacteria as individual cells, often free- 
floating or loosely attached to a substrate, has been replaced in 
recent years by the recognition of the importance of biofilms. In 
a biofilm, colonies exist within a matrix, into which other species 
of bacteria and fungi can co-exist, and this leads to greater re-
sistance to anti-microbial agents. Repeated ineffective uses of 
anti-microbials against biofilms can promote further growth of 
anti-microbial resistance, as the wider environment (e.g. natural 
waterways, waste management infrastructure etc.) contains 
a vast reservoir of microbial species in which resistance can de-
velop if diluted, sub-therapeutic doses of the agent pass from the 
water infrastructure into the wider environment. 

This paper presents two inventions that use mechanical 
forces, as opposed to chemical or anti-microbial drivers, to re-
move biofilms. In each case, the mechanical force is developed 
when an appropriate acoustic field encounters a bubble, and as 
such that combination does not extend into the wider environ-
ment, and hence does not present opportunities to promote anti- 
microbial resistance. 

The first device is an invention to clean marine biofouling from 
ship hulls. Whereas a previous design[1] used non-inertial cavi-
tation (thereby avoiding damage to the rubber anechoic on which 
the fouling grew) to avoid the establishment of mature biofilms on 
the hull into which macroscopic biofouling can grow, this paper 
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uses the device to clean established macroscopic biofouling from 
steel hull material using non-inertial cavitation. The cleaning 
footprint of the device is around 10 cm by 10 cm, in a design that 
is easily scalable to larger footprints through the tessellation of 
units.   

In the second invention, the substrate is delicate (human 
wound tissue) and requires a smaller footprint to accommodate 
the wound topography, and inertial cavitation is avoided. The 
removal of the biofilm occurs because of small-scale (of order of 
a few bubble radii) liquid currents and shear that can be gener-
ated on the substrate by microscopic air bubbles.[2] The bubbles 
generate shear and liquid currents when they are excited by an 
appropriate acoustic wave in the liquid: the acoustic waves sti-
mulate ripples on the wall of the bubble,[3],[4] and these ripples 
in turn stimulate liquid currents and shear close to the bubble. 
Furthermore, the sound field generates acoustic radiation forces 
that drive the bubbles (and their cleaning action) into crevices 
that are difficult to clean using traditional brushes and wipes.[5]- 
[6]-[7]-[8]  Suitable technology can pass both bubbles and sound 
down the liquid stream onto the substrate to be cleaned.[9] 

1(B) THE SURFACES TO BE CLEANED 

The two inventions are aimed at two types of surface sub-
strates: ship hulls (which are substantially flat over the 10 cm 
scale, but will contain varying topography on the microscopic 
scale) and wounds (which are have undulating and varying topo-
graphy on both the macroscopic and microscopic scales). The 
total area to be cleaned is greater with hulls, and the stand-off 
distance for wounds must be greater, and so the architecture of 
the two devices differ, even though both exploit the same acous-
tical phenomenon. 

(I) SHIP HULLS 

Biofilm formation occurs within hours of an object being 
placed in seawater, and as the biofilm matures, it provides the 
foundation and nutrients for the attachment and growth of 
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macroscopic marine fauna and flora. The use of copper and lead 
on marine vessels, centuries ago, to deter such fouling was an 
early, if unrecognised at the time, method of combatting biofilms. 
[10]-[11]-[12] 

Marine biofouling reduces the efficiency of shipping by up to 
50% due to increased mass and drag, with associated fuel penal-
ties and implications for the carbon footprint of the vessel.[13]- 
[14]-[15] Additionally, the increased turbulence and attenuation 
reduces the performance of any sensors fitted to the hull (in par-
ticular sonars, but also optical sensors used for measurements of 
water properties and chemical sensors that rely on sample col-
lection).[16] Turbulent flow over a vessels hull will also increase 
the radiated broadband noise, an effect of critical importance to 
warships16 (Figure 1). 

(II) CHRONIC WOUNDS 

Chronic wounds differ from hull surfaces in a number of 
ways. Whereas the hull is substantially hard and flat (on the cm 
scale), wounds are generally more soft (giving less acoustic reflec-
tion), have a complicated topographical profile with multiple 
pockets and crevices, the patient might move during treatment, 
and the substrate of value is living and needs to be stimulated to 
optimise its self-healing properties. A device with a smaller foot-
print accommodates this change in substrate profile and re-
quires a greater stand-off distance (necessitating a longer water 
stream). 

The very existence and prevalence of chronic, non-healing 
wounds indicates that state-of-the-art treatments are insuffi-
cient. In the UK alone, non-healing wounds, particularly of the 
lower limb, affect more than 2 million patients per annum and 
cost the NHS an estimated £5 billion each year.[17] 

Chronic wounds fail to progress through the normal stages of 
healing in a timely manner. The largest remediable cause of 
chronicity is infection in the form of a multispecies biofilm that 
is present in most chronic wounds. In addition, the biofilm phe-
notype of bacterial infection is implicated in many types of 
chronic, difficult to treat infections including cystic fibrosis, 
implanted device infections and periodontitis.[18] The biofilm 
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phenotype, apart from impacting wound healing, protects the 
microorganisms against host defences, increases adhesion 
and provides a relative immunity to antibiotics. Removing the 
biofilm without damaging the underlying tissue should improve 
healing. 

Figure 1. Biofoulant on the hull of the USS Pittsburgh (SSN 720) in Bremeton, 
Washington, as she awaits inactivation in dry dock at Puget Sound Naval Shipyard 

and Intermediate Maintenance Facility. Photograph by Wendy Hallmark.  
This US Navy photograph is considered public domain and has been cleared  

for release via the Department of Defense. 
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2. METHODS 

2(A) HULL PLATE CLEANING METHOD 

(I) DESIGN OF THE MARINE DEVICE 

Figure 2(a) shows a schematic of the ship hull cleaner. The 
device1 works by non-inertial cavitation to avoid damaging anec-
hoic linings. The study was designed to examine how non-inertial 
cavitation hinders the establishment of the biofilm on the hull 
into which macroscopic marine biofouling takes hold following 
the initial development of a bacterial biofilm on the hull. The 
device inhibits the maturation of the biofilm, so reducing the 
subsequent establishment of macroscopic marine biofouling. It 
was tested on aluminium, steel and rubber substrates.1 

Commercial systems are available that attempt to use ultra-
sound to prevent antifouling, although their performance is 
mixed, and these methods radiate strong ultrasound into the 

Figure 2. (a) Schematic of the hull cleaning device. A half-wavelength (λ/2) 
spacing is indicated as a simple illustration of the creation of an acoustic pressure 
antinode on the hull by making use of the acoustically rigid walls of the chamber, 
but in fact it is often convenient to tune the device to generate alternative modal 
patterns on the hull. (b) The method for covering a ship hull. The typical footprint 

of a single cell is around 0.1 m by 0.1 m although they can be made larger  
with multiple transducers. Cells like this can also tesselate to cover  

a larger overall footprint. 
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surrounding sea. Acoustic pressure as high as 214 dB re: 
1 μPa have been measured close to the source, causing inertial 
cavitation, at 23 kHz)[19]. The leakage of sound away from de-
vices is also an increasing concern with conventional hull treat-
ment technologies, as lower amplitudes radiated to distance 
might still adversely affect behaviour (foraging, social interac-
tions, breeding etc).[20],[21] The device design presented here 
reduces the likelihood for adverse effects on marine life (fish, 
[22] cetaceans[23] and benthic species[24]). It operates at 
70 kHz (higher ultrasonic frequencies in general being less likely 
to produce adverse subjective response in fauna). Moreover, the 
design of the device uses features to contain the region of intense 
ultrasound to within the device, minimising the escape of acous-
tical radiation into the surrounding seawater. For example, the 
chamber walls reduce the leakage of sound into the environ-
ment. The device provides a water-filled cavity to the surface 
and within it creates a modal sound field that ensures an acous-
tic pressure antinode is present over the surface to be cleaned 
(the ‘target’). 

(II) TEST DESIGN 

A previous study1 examined the ability of the device to prevent 
the formation of the biofilm substrate on which macroscopic bio-
foulant could grow, and so reduced the establishment and 
growth of macroscopic biofouling. In this current study, mature 
biofouling was allowed to grow, and was then removed using the 
hull-cleaning invention. This was compared to the cleaning 
achieved by a mechanical rotating brush system. 

Samples of steel, aluminium, and rubber plates (50 samples 
of each material) of surface area 10 cm by 10 cm were submerged 
in a seawater dock for periods of 36, 41 and 50 days respectively. 
During these periods, mature biofouling was established on the 
surfaces of the plates. 

The samples were then removed from the seawater and the 
thickness of the biofouling was measured in 10 regions on each 
plate, with an average thickness calculated. 

The plates were then treated to remove the mature biofouling 
for a treatment period of 1 minute using the apparatus of Figu- 
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re 2(a). A single chamber was used for the reported testing, pow-
ered by a single transducer. The transducer was driven in con-
tinuous wave mode at 70 kHz, with a power amplifier supplying 
100 W to the single transducer. The target surface area that was 
covered by the cleaning chamber at any given time was 36 cm2, 
whilst the area of the sample plates was 100 cm2 (the plates 
measured 10 cm by 10 cm). That means that, to cover the entire 
plate, the device was continuously moved over the plate contain-
ing established mature biofoulant placed for 1 minute, during 
which time any section might be covered for 25% of the time. 

The rms acoustic pressure amplitude that could be generated 
over the treated surface was measured prior to testing, using 
a plate of the material through which a hydrophone just pro-
truded into the water, such that its active element was aligned 
with the surface to be cleaned. The rms acoustic pressure over 
steel was 16.8 kPa, over aluminium was 17.3 kPa, but over rub-
ber was much less, at 11.2 kPa. 

These values confirm that the cleaning process here occurred 
by non-inertial cavitation (since inertial cavitation would have 
required an rms acoustic pressure in excess of 100 kPa). The 
rubber significantly reduced the rms pressure that could be gen-
erated across it, as expected because it is more absorbent than 
the metals (both in terms of not reflecting the sound back into the 
water to the same extent that the metals do, and absorbing a por-
tion of the sound that enters it by converting it to heat). Never-
theless, good cleaning was still possible because the rigid walls of 
the chamber assisted in the formation of 11.2 kPa rms acoustic 
pressure on the surface of the rubber. 

By design, the device is capable of cleaning samples while 
submerged. For this study, however, a risk assessment required 
that samples be removed from the sea water to be cleaned as the 
amplifier and high-voltage power supply did not have a suffi-
ciently high water-proofing rating. 

The thickness of the remaining biofouling after the treatment 
was measured in 10 places on each plate, and an average thick-
ness calculated. The difference between the initial and final 
thickness measurements was calculated and expressed as a per-
centage value for the biofoulant that was removed from the plate 
surfaces. 
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A subset of plates were subjected to a conventional cleaning 
treatment using an electrically powered rotary brush for a period 
of 1 minute rather than acoustic energy in accordance with the 
present invention. The % thickness reduction was again calcu-
lated, and the results shown in Table 1. 

(III) MEASUREMENT METHODS FOR THE MARINE SAMPLES 

The thickness of mature marine biofouling before and after 
treatment was measured at multiple sites on each tested plate 
using an Episcopic Differential Interference Contrast (EDIC) mi-
croscope. This microscope works by having the light source and 
DIC prisims above the sample, meaning it is possible to measure 
growth on solid surfaces. The depth of field on an EDIC micro-
scope is very narrow and as a result it is possible to focus on the 
top of the biofouling, the sample or anywhere in between. What 
this allows is for a technique whereby focussing the microscope 
on the base of the sample and setting an origin, it is then possible 
to move the sample down until the top of the sample is in focus. 
The difference between the 2 points, which is measured by the 
microscope stage, is the thickness of the foulant at this point. As 
the biofouling spread is heterogenous over the surface of the 
sample it was necessary to measure the thickness at several 
points. Doing this for 10 points on every plate was sufficient to 
quantify statistically significant results. 

2(B) WOUND TREATMENT METHOD 

Both devices described in this paper transmit sound and mi-
crobubbles through water to the target. However, whereas the 
water for the marine biofoulant invention takes the form of 
a cushion, giving a few millimetres stand-off of the solid cleaner 
from the target, the second device increases the stand-off to sev-
eral centimetres by using a water stream. This LAS (Liquid 
Acoustic Stream) device uses a gentle stream of saline,25 flowing 
to the surface at around 2 litres/minute, with a stand-off dis-
tance of around 1 cm (Figure 3). This is so that the device can 
efficiently treat the varying topography of a wound bed, whilst 
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avoiding contact with the wound. By doing this, as opposed 
to immersing the wound in saline, the device can treat the wound 
in situ. 

Until regulatory approvals are obtained to use the device on 
patients, the studies in this paper are performed on a recognised 
model for human skin used for in vitro wound studies. In this 
study, two types of wound model were used, pig trotters and hu-
man full thickness EpiDerm tissues, to demonstrate cleaning. 
Pig trotter wounds infected with Pseudomonas aeruginosa 
pMF230 were cleaned with LAS and compared to untreated con-
trol samples. 

It is well-recognised in clinical practice that if a wound is 
cleaned by removal of a biofilm, healing becomes more likely. 
However, one question of key importance is whether additional 
healing mechanisms can be stimulated during treatment, effec-
tively enhancing the skin’s own healing mechanisms that have 
stalled during the inflammatory stage within a chronic wound. To 
do this, the cleaning element must be removed from the LAS test, 

Figure 3. Schematic of liquid acoustic wound stream (LAS) system. Schematic 
diagram of the experimental set up for the LAS system cleaning a tissue or wound 
sample. The two inserts demonstrate the ultrasonically induced activity of the air 
bubbles that is associated with the cleaning effects of the LAS. The diagram is 

adapted from Malakoutikhah et al. 2020,[8] Chong et al. 2021[32] 
and Secker et al. 2022.[25] 
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since the aim was to observe whether there is any healing over 
and above that aided by the cleaning. To demonstrate healing, 
pig trotters are unsuitable, as they are dead and will no longer 
heal. Hence for the healing tests, pre-wounded reconstituted hu-
man epithelial tissues (EpiDerm Full Thickness, MatTek Corp., 
Ashland, Massachusetts) were wounded and kept in sterile con-
ditions for 7 days. One set were untreated as a control, another 
set of alternative controls were treated with 0.9% saline only 
flowing through LAS (without the acoustics), and one set were 
subjected to LAS treatment. The cost of the EpiDerm Full Thick-
ness samples meant that only triplicate repeats were affordable 
in this experiment. 

After treatment, the EpiDerm Full Thickness samples were 
histologically processed and examined microscopically following 
Haematoxylin and Eosin (H&E) staining. 

The main set-up for the LAS device, as used in the in vitro tests 
of this paper, is detailed in Figure 3, with full details of the experi-
ment given in an earlier paper.[25] Confirmation that this device 
does not produce inertial cavitation on the target, was obtained 
through observation that it produced no sonoluminescence, no 
foil pitting, and no release of free iodine from KI solution. 

Such stream technology had been used on a range of sub-
strates prior to testing on this model of human skin. Previously, 
its 132 kHz ultrasound efficacy to remove contaminants 
from hard inert surfaces was shown for a range of applications, 
including cleaning baby equipment,9 railway components[26]- 
[27]-[28], surgical instruments[29],[30] and tools,26 bone prior 
to transplant30 and pipework/packaging associated with food 
and beverages.9,5,26,[31] Food itself has been cleaned without da-
mage (including salad[32] and hay[33]), as have other soft targets 
including hands.26 

Both hard (e.g. particulate26-27-28) and softer contami-
nants have been removed. Softer ones include glues,26 greases27 

and lubricants8, amyloid prion in brain tissue,29,30 and biofilms 
(including those associated with dental30,[34], marine[35] and 
gastronomic32,33 surfaces). The effective tackling of biofilms using 
only sound, air and water meant that, unlike the use of conven-
tional antimicrobial treatments (antibiotics, antivirals, antifun-
gals etc.), the use of such technology should not so readily pro-
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mote the rise of AntiMicrobial Resistance (AMR), which is pro-
jected to be killing more people than cancer by 2050, and have 
cost the world economy more than the current size of the global 
economy.31,[36],[37]   

3. RESULTS 

3(A) HULL PLATE CLEANING RESULTS 

Table 1 shows that, for each of the three materials tested 
(steel, aluminium and rubber), the treatment time of only 1 min-
ute achieved a high percentage removal of the mature macro-
scopic biofouling. 

Furthermore, Table 1 shows that for the steel and rubber 
plates the use of acoustic energy provided improved cleaning as 
compared to brushing. For aluminium, the biofouling thickness 
reductions were similar for ultrasonic and brush cleaning, except 
that the aluminium surface was significantly damaged, demon-
strating scratches caused by the bristles of the brush (Figure 4). 
The brush was also mechanically damaged and required replace-
ment. The rubber plate was also damaged by the bristles of the 
brush (Figure 5(a)), and the brush similarly damaged by the rub-
ber (Figure 5(b)). 

Table 1. Comparison of the effectiveness of removing macroscopic marine biofouling, 
from three hull materials. The results for the ultrasonic invention are compared with 

those from an electrically powered mechanically rotating brush.    

Percentage thickness reduction of mature biofoulant:   

…as a result of ultrasonic 
treatment (+/- 1 standard 

deviation) 

…as a result of using  
a mechanically rotating 

brush device (+/- 1 standard 
deviation) 

Steel 91 (+/- 4) 40 (+/- 12) 

Aluminium 94 (+/- 3) 97 (+/- 1) 

Rubber 80 (+/- 1) 64 (+/- 1) 
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3(B) WOUND TREATMENT RESULTS 

Figure 6 shows the results of cleaning biofilm of Pseudomonas 
aeruginosa pMF230 from wounded pig trotters, after it had been 
cultured on the wound bed for 5 hours. Compared with the un-
washed control wound beds, washing with saline alone had 

Figure 4. Photographs of surface damage to the aluminium caused by rotary 
brushing. Panels (a) and (c) show the condition of the aluminium surface after 
cleaning, at low and high magnification respectively. For comparison, panel (b) 

shows the aluminium surface before cleaning, at high magnification. 

Figure 5. Photographs of (a) surface damage to the rubber caused by rotary 
brushing, and (b) the damage done to the brush by the cleaning undertaken in (a). 
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no significant effect on the residual coverage of GFP tagged bac-
teria in the model. Washing with LAS for 1 minute reduced the 
coverage by 73% and washing for 2 minutes resulted in a 90% 
reduction. 

Figure 7 shows the results of examination of the H&E-stained 
sections of uninfected wound models, which allowed measure-
ment of the length of the tongue of reepithelialisation. The Epi-
Derm FT wound model is known to heal with the addition of hu-

Figure 6. Pig trotter wound model. Example images of (A) _2 cm diameter 
wounds produced within frozen/thawed pig trotters before inoculation, (B) post 

inoculation of Pseudomonas aeruginosa pMF230 incubated at 37 Celsius for 
5 hours, and (C) post 2 min liquid acoustic wound stream (LAS) treatment. Scale 
bars represent 2 cm. Representative episcopic differential interference contrast/ 

EpiFluorescence (EDIC/EF) micrographs of green fluorescent protein (GFP)- 
tagged P. aeruginosa biofilms in (D) the control (untreated wounds), (E) after 

a 1 minute saline wash at a flow rate of 2 L/min, (F) after a 1 minute LAS 
treatment at a flow rate of 2 L/min, and (G) after a 2 minutes LAS treatment at 

a flow rate of 2 L/min. Scale bars represent 10 μm. Image analysis (H)  
of the EDIC/EF micrographs demonstrating the residual percentage coverage 

of GFP tagged P. aeruginosa pMF230 within the pig trotter wounds after 5 hour 
incubation at 37 Celsius: control (untreated wounds), after a 1 or 2 minutes  
saline wash at a flow rate of 2 L/min (saline) and after a 1 or 2 minutes LAS 

treatment at a flow rate of 2 L/min (LAS/saline). Error bars represent the SEM  
(n = 3), One-Way analysis of variance/Tukey post-hoc test demonstrated  

***P ≤ .001 when compared with the untreated controls. Reproduced from  
Secker et al. 2022.[25] 
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man growth serum, and measurement of the length of the tongue 
is a method of quantifying healing within this model. There was 
no significant difference in tongue length between the control (no 
wash) and saline washed samples but the difference between the 
LAS treated models and the controls was significant (P ≤ .05). 
No acoustically-derived damage to the EpiDerm FT was seen in 
microscopic examination of the histological sections. 

Figure 7. Epiderm full thickness (EFT) wound models that have been wounded 
(note there is only partial coverage of each sample by the upper (outer) layer), 

and presented here as Haematoxylin and Eosin (H&E) stained sections from  
the EFT wound models. The sections are 4 µm thick. The wounds were kept  

clean after wounding and imaged here after 7 days. The upper row (a) shows  
two control samples having no treatment. The middle row (b) shows two samples 

that were treated for 2 minutes after wounding by a saline stream run at  
2 L/minute through the device, but without the sound activated. The lower row  

(c) is treated exactly the same as for row (b), but this time with the sound 
activated. The black arrows in the micrographs in row (c) highlight  

the re-epithelialisation tongue observed in these sections. Panel (d) shows 
data from image analysis measurements (E) of the extent of reepithelialisation 

7 days post treatment are shown. Error bars represent the SEM (n = 3),  
One-Way analysis of variance/Tukey post hoc test demonstrated *P ≤ .05  
when compared with the non-treated controls. Reproduced from Secker  

et al. 2022.25 
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4. CONCLUSIONS 

This paper introduced two inventions. The first is a marine 
hull cleaner to remove macroscopic biofouling. Having pre-
viously1 tested the ability of the device to prevent the build-up 
of mature marine biofouling, the current study tested its ability 
to remove mature biofouling. 

The data in Table 1 demonstrates that the method and appa-
ratus of the present invention is highly effective at removal of 
mature biofouling. The removal by the ultrasonic device was sig-
nificantly greater than removal observed by the rotating brush 
for the same treatment time, except for aluminium, where stati-
cally there was no difference in their cleaning performance. 

After use, the brush was so badly damaged that it could no 
longer be used. Furthermore, the samples that were brushed 
showed scratches and damage to all three materials, particularly 
the rubber. No damage could be detected, either through visual 
or microscopic examination, of the samples that were cleaned 
using the ultrasonic device, and no damage was sustained to 
the ultrasonic device during these tests. 

The second device was a wound cleaner, with a smaller con-
tact footprint and a stand-off distance of 1 cm, to cope with the 
varying topography of a wound and the safety requirements of 
the patient and usability for the healthcare worker. It operates 
using only non-inertial cavitation to avoid damage to the wound 
bed. In addition to cleaning wounds, there was preliminary evi-
dence that the device could stimulate wound healing over and 
above the beneficial treatment caused by cleaning. 
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SOUND PROPAGATION IN WATER —  
OVERVIEW OF RELEVANCE  

FOR THE SEARCH FOR SUBMARINES 

ABSTRACT 

Sound propagation in water is an important factor affecting sub-
marine search operations in dive position. Knowing the distribution 
of sound propagation in seawater is essential for both submarines 
and surface ships in anti-submarine warfare (ASW) operations. The 
article is a review and presents examples of sound wave propagation 
emitted from surface and submarine ships during sea search opera-
tions. The aim of the article is to illustrate the propagation of sound 
waves in sea water depending on the location of the source of sound 
emitted by surface ships or submarines. Of course, the presented 
examples are general in nature, typical for ideal images of sound 
propagation and do not take into account their variability that oc-
curs in real situations.  

KEYWORDS: sound propagation in sea water, refraction of 
sound waves, underwater sound channel 

1. INTRODUCTION 

The characteristics of the sound propagation in sea water is 
a feature of significant importance for navies. The sund propaga-
tion in water in the conditions of navies is associated with ASW, 
which is an activity related with the use of surface warships, 



aircraft, submarines (Figure 1), or other platforms – nowadays and 
in nearest future unmanned autonomous vehicles (UAVs), to find, 
track, deter, damage, and/or destroy other submarines. The 
sound propagation in the area of operation it is important for both 
submarines and surface ships. 

Sound propagation in water is a function of its velocity. And 
velocity is a function of water density and compressibility. As 
such, sound velocity is dependent upon temperature, salinity, 
and pressure and is normally derived expressing these three vari-
ables. The speed of sound in water changes by 3–5 metres per 
second per °C, by approximately 1.3 metres per second per PSU 
(Practical Salinity Unit) salinity change, and by about 1.7 metres 
per second per 100 m change in depth (compression). The speed 
of sound in seawater increases with increasing pressure, tem-
perature, and salinity (and vice versa) [1]. 

Sample curves of temperature, salinity and density compared 
with depth are shown in Figure 2. 

sin’

sin 
¼
c1

c2

ð1Þ

where: 
φ – an angle of incidence, 
ψ – an angle of refraction, 
c1 and c2 – speed of sound waves propagation in adjacent layers 
of water with different values of temperature, salinity, and pres-
sure [4]. 

Figure 1. The Polish KILO class submarine ORP Orzeł 
(Source: Photo — C. Dyrcz) 
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It follows from equation (1) that if the sound velocity in the 
second layer is lower than in the first, the ray direction will de-
crease and the sound ray will deflect towards the seabed. On the 
other hand, if the speed of sound in the second layer is greater 
than in the first, the direction of the ray will increase and the ray 
of sound will deviate away from the seabed. Depending on the 
speed of sound in the water, the direction of the sound ray pro-
pagating in the individual layers of water changes as it moves 
from layer to layer. In hydroacoustic, this phenomenon is called 
refraction of sound waves. The dependence of refraction on the 
speed of sound in water is shown in Figure 3. 

Figure 2. Sample curves of temperature (red), salinity (green) and density 
(purple) with depth 

Figure 3. Refraction of sound waves in layers of water [4] 
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In shallow waters, the nature of refraction depends mainly on 
the temperature distribution, and in some cases also on salinity. 
In deep water, regardless of temperature and salinity distribu-
tions, hydrostatic pressure has a large influence on the nature of 
refraction. An example of the sound speed distribution made in 
shallow water (Baltic Sea) in the summer on July 22, 2022 is 
shown in Figure 4. 

Typical deep-sea sound profiles (Atlantic Ocean) are illu-
strated in Figure 5. 

Figure 4. An example of the sound speed distribution made in shallow water 
(Baltic Sea) on July 22, 2022  
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2. THE TYPE OF SOUND PROPAGATION IN SEA 
WATER AND ITS IMPORTANCE FOR SUBMARINES 

Depending on the hydrological conditions, the following types 
of sound propagation in water occur:  
• Linear propagation,  
• Negative refraction,  
• Positive refraction,  
• Underwater Sound Channel (USC). 

In the article, the figures below present the ideal distributions of 
sound propagation in water, which is a simplification used to clearly 
illustrate the individual types of propagation. In real conditions, the 
variation in the speed of sound in water is significant [2, 3]. 

Linear propagation – is a characteristic phenomenon for shal-
low water areas, especially in the autumn and winter season. As 
a result of the mixing process, the temperature of the water in the 
layer equalizes from the surface to the bottom. Such conditions 
may also arise in summer with an intensive mixing process dur-
ing storms. During these hydrological conditions, when the 
speed of sound is constant, the phenomenon of refraction does 
not occur, and the sound rays propagate linearly. Linear propa-

Figure 5. Typical deep-sea sound speed profiles. (a) Profile showing layer 
structure of the sound speed in the water due to temperature variations 
(b) Average sound speed profiles in different seasons in an area halfway  

between Newfoundland and Great Britain [5] 
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gation of sound from the position of the submarine and the sur-
face ship is illustrated in the Figures 6 and 7 below. These are 
good detection conditions in both cases. However, it does happen 
in shallow waters. 

Positive refraction – it is characteristic for deep-water areas, 
where surface waters cool down during autumn and winter and 
the influence of hydrostatic pressure on the speed of sound is 
large. The speed of the sound increases with the depth. Sound 
waves coming from the sound source deflect towards the surface 
of the sea, are then reflected and then return through the water 

Figure 6. Linear propagation of sound waves from a submarine [3] 

Figure 7. Linear propagation of sound waves from a surface ship [3] 
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depth to the surface. With this refraction, there are favorable 
conditions for the propagation of sound in the water. Positive 
refraction is beneficial for conducting ASW operations. The phe-
nomenon of damping and absorbing sound energy by water is the 
result of shortening the sound range. The positive refraction of 
sound waves in the water from the position of the submarine and 
the surface of the sea is illustrated in Figures 8 and 9 below. 

Negative refraction – occurs when a decrease in the speed of 
sound in the water causes the sound rays to deflect towards the 
seabed (towards lower velocity values). It occurs in shallow 

Figure 8. Positive refraction of sound waves from a submarine [3] 

Figure 9. Positive refraction of sound waves from a surface ship [3] 
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waters during spring and summer, when the surface layer of 
water is strongly heated and the speed of sound reaches the high-
est value on the surface, and the depth dimension decreases. 
Sound rays come out of the sound source, deflect towards the 
seafloor, reflect off it and deflect again. In the case of negative 
refraction, the range of sound in water is the smallest and there 
are shadow zones that cannot be reached by sound rays. Nega-
tive refraction is an unfavourable phenomenon in ASW. The 
negative refraction of sound waves in the water from the position 
of the submarine and the surface of the sea is illustrated in Fig-
ures 10 and 11 below. 

Figure 10. Negative refraction of sound waves from a submarine [3] 

Figure 11. Negative refraction of sound waves from a surface ship [3] 
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Underwater Sound Channel (USC) – occurs in conditions 
where in the upper layer of sea water the sound velocity distribu-
tion is determined by negative refraction, and in the lower layer – 
by positive refraction. A characteristic feature of the underwater 
sound channel is the existence of a layer at a certain depth with 
a minimum value of the speed of sound. This layer is called the 
axis of the underwater sound channel. Due to changes in the 
refractive nature, sound rays experience multiple full internal 
reflection on both sides of the channel axis. If the sound source 
is placed close to the channel axis, the hearing range is extremely 
large. The range of sound in the underwater sound channel areas 
is up to several thousand nautical miles. Underwater sound 
channel from the position of the submarine and the surface of 
the sea is illustrated in Figures 12 and 13 below. 

An underwater sound channel is formed in the oceans and 
open sea areas, when there is a constant or seasonal warm water 
layer, the speed of sound slows down and then increases. Under-
water sound channels exist at depths of up to several hundred 
meters, however, subsurface sound channels are observed 
at depths of 10 to 60 m. This is the case, for example, in the 
Baltic Sea. 

The phenomenon of super-long ranges related to the propaga-
tion of sound in the underwater sound channel was used to build 
a distance determination system based on measuring the differ-

Figure 12. Underwater sound channel from a submarine [3] 

Sound propagation in water - Overview of relevance for the search... 65 



ences in the arrival time of a sound pulse called the Sound Fixing 
and Ranging (SOFAR). The system was developed during World 
War II and was used by the US Navy. Currently, the system is 
being developed not only in military applications, mainly for 
ASW, but also for the identification of earthquakes and other 
events. 

Positive refraction in the upper layer and negative in the low-

er layer – this is the opposite of the underwater sound channel 
formation conditions and at a certain depth there is a maximum 
value of the speed of sound. Above we have positive refraction 
and below negative refraction. In the layer with positive refrac-
tion, there are conditions for distant sound propagation. This 
situation is referred to as the near-surface sound channel. Posi-
tive refraction in the upper layer and negative in the lower layer 
from the position of the submarine and the surface of the sea is 
illustrated in Figures 14 and 15 below. 

The examples of refraction presented above have been simpli-
fied, because in fact, due to the complicated shapes of the sound 
velocity profiles, the images of sound rays are more complicated. 
The energy of sound waves propagating in the sea water environ-
ment is weakened by the process of absorbing and dispersing 
sound in the water [3]. 

Figure 13. Underwater sound channel from a surface ship [3] 
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3. CONCLUSION 

Knowing the speed of sound in seawater at a particular loca-
tion is essential for naval search for submarines. The above-pre-
sented examples of refraction dependent on the sound velocity 
distribution include the idea of tactical use of this phenomenon 
in the conducted operations. It emphasizes the importance of 
this phenomenon for both surface forces and submarines. The 
considered phenomenon is necessarily taken into account during 

Figure 14. Positive refraction in the upper layer and negative in the lower layer   
from a submarine [3] 

Figure 15. Positive refraction in the upper layer and negative in the lower layer   
from a surface ship [3] 
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hydrographic works. When performing hydrographic measure-
ments with the use of sonars, the sound speed distributions 
should be measured each time before and after the measure-
ments, because refraction, especially at a large penetration an-
gle, can cause large errors in determining the position of objects. 
For the above-described operations, the measurement of sound 
speed before commencement of operations is of particular impor-
tance. 
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HIGH RESOLUTION IMAGING OF SEA- 
BOTTOM, WHAT THE EYE DOESN'T SEE, 

THE HEART DOESN'T GRIEVE OVER 

Objective of this article is to emphasise importance of work of in-
ventors and scientists that work on development of tools (sonars) 
that allows for imaging features of  water space that is invisible for 
human senses. The article indicate extent of damage of sea-bottom 
environment resulting from fishing activity. This activity performed 
for centuries results in substantial reduction of valuable biological 
productivity of Batlic Sea waters. The reason was lack of means that 
allows for easy look into the depths. One of the tool that can be used 
to evaluate this activity in real time, is hydroacoustic imaging using 
scanning sonars and multibeam echosounders. Acoustic imaging 
methods were already utilized to indicate the extent of damage to 
bottom habitats. Particular areas of the bottom are archeological 
sites (wrecks) that “document” damage done by fishing and mooring 
activity and to study influence of this activity on sea bottom envir-
onment. Results of these studies give impressive information re-
garding scale of possible influence of fishing activity on sea 
bottom and its biological conditions as well as real reason for the 
“overfishing”. They also indicate importance of bottom related en-
vironmental issues during current and planned extensive offshore 
activities such as deep sea nodule mining.  



INTRODUCTION 

While looking from a beach perspective, marine environment 
seem to be endless and sustainable. It is due to optical phenom-
ena at the water surface like ray reflection, As result, we are not 
able penetrate the depth with our senses. Momentary appear-
ance of water body depends on weather but finally waved or calm 
water surface seems always the same and self-healing. This is 
the reason while people consider the ocean as unlimited source 
of wealth and unlimited sink for all anthropogenic wastes. 

The direct reason for this paper was appearance of the photo-
graph of nesting grounds of Jonah’s icefish (Neopagetopsis ionah) 
discovered recently under sea cover of Weddell Sea. This colony 
of icefish is the largest found to date, stretching across more than 
150 miles (240km) of the seabed. The sheer size of the colony 60- 
million-nests suggests the whole Weddell Sea ecosystem is influ-
enced by these nests. The images show active fish parents that 
bild nest  and take care for their roe. At the same time the author 
was investigating means of detailed imaging of sea-bottom fea-
tures. Studies of old wrecks are examples of such activity. Ex-
ample images of such sites (fig. 4) are really horrifying while put 
aside to images of  Jonah’s icefish nesting grounds. Without ex-
planation it is difficult to guess what we see on the fig. 2. I fact it 
is side scan image of the wreck site. Parallel  lines on the image 
illustrate extent of local fishing activity and magnitude of physi-
cal influence to sea bottom caused by this activity. Simply say-

Fig. 1. Photograph of nesting grounds of Jonah’s icefish (Neopagetopsis ionah) 
discovered under sea cover of Weddell Sea  Alfred Wegener Institute January 14, 

2022. (https://scitechdaily.com/spectacular-discovery-in-antarctica-massive- 
icefish-breeding-colony-with-60-million-nests/) 
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ing, the bottom was deeply ploughed. One can guess the image of 
nesting grounds of Jonah’s icefish if they would not be protected 
by thick ice. While archeological sites are not usually protected 
by thick ice cover, they are exposed to damage by fishing activity. 
In fact majority of sites are badly damaged. Substantial part of 
human heritage was destroyed this way already. However after 
being discovered, wreckage remaining are usually studied for 
many years ad offer quantitative information regarding processes 
of destruction of both archeological artifacts and surrounding 
environment.    

WHAT IS TECHNOLOGY OF INDUSTRIAL FISHING  

Till quite recently the author awareness of industrial fishing 
technology can be imagined by a trawling net suspended in water 
space that catches schools of fish possibly detected by trawler’s 
sonar. It is true in some cases, but reality is much more compli-
cated. The list of “fishing” technologies and tools is very long and 
includes several real strange devices. It starts with bottom trawls 
illustrated on fig 4 but includes scallop drags that can be seen on 
fig. 6, left. The dredges consist of a triangular frame, about 
750mm wide, with a toothed bar at the front to flip the scallops 

Fig. 2. Left: A species of cnidarian in the genus Relicanthus with 8-foot long 
tentacles attached to a dead sponge stalk on a nodule in the eastern Clarion- 

Clipperton Zone. These are closely related to anemones  [1],  
Right: Sea bottom covered by manganese modules and invisible layers of bacteria 

appears as life-less gravel Location: At the Godzilla Mullion  
in the Parece Vela Basin May 16, 2009  

[https://www.jamstec.go.jp/gallery/e/geology/resource/003.html] . 
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out of the seabed and into a collecting bag behind it. This bag is 
made of chain links forming a chain mesh on the bottom and 
usually netting on the top. Several of these dredges are towed 
behind a heavy spreading bar, usually one from each side of 
the vessel. The length of bar and number of dredges is dictated 
by the power of the vessel and its length of side deck to work the 
dredges over. The number can vary from 3 or 4 on a small 10m 
boat up to 18-20 on a 30m vessel with 1500hp engine. It is ap-
parent that fish nesting grounds after fishing for scallops look as 
can be seen on fig. 6, right. Simply nothing is left intact. 

Use of heavy beams to facilitate fishing activity in European 
waters was confirmed for at least nine century. Environmental 
awareness of the potentially destructive power of fishing technol-
ogies on the marine environment is a centuries-old dilemma. As 
early as 1376 a 

Commons Petition to King Edward III of England complained 
about a newly introduced fishing gear, the ‘wondyrechoun’, 
a “three fathoms long and ten of men’s feet wide” state-of-the- 
art device[3]. 

Fig. 3. A side-scan sonar image in the Western Approaches to the English Channel 
showing furrow lines cut by a scallop dredge boat through a rare shipwreck  

of c. 1670-90 (Odyssey site 35F). At a depth of 110m,[2] 
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Fig. 4. A ceramic cargo fallen on one side on a mid to late 19th-centurywooden 
shipwreck (Site 2T11w24b-1; Target 581). The top edges of the plates have been 
‘shaved’ by a trawler/dredge. Atlas shipwreck survey zone, depth 124.0m.[3] 

Fig. 5. Bottom beam trawling by sailing trawler around year 1850[4].  
Till year 1980 weight of the trawling gear increased to 30 tons[5] . 

Fig. 6. Left: A scallop dredge [6], Right: Result of application  
of a scallop dredge to bottom environment [7], 
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“made in the manner of an oyster dredge… upon which in-
strument is attached a net so close meshed that no fish be it ever 
so small which enters therein can escape… the great and long 
iron of the wondyrechoun runs so heavily and hardly over the 
ground when fishing that it destroys the flowers of the land  be-
low water there… the fishermen take such quantity of small fish 
that they do not know what to do with them; and that they feed 
and fat their pigs with them, to the great damage of the commons 
of the realm and the destruction of the fisheries, and they pray 
for a remedy” (Alward, 1932: xx). 

Since development of effective fishing gears and steam powered 
vessels in nineteen century we face so called “overfishing”. It “in-
dustrial” fishing developed slowly from 100 000 tons and finally 
ended at 80 mln tons annual catch. Significant collapse of  rob-
bery was inevitable. It is sometimes assumed that introduction 
local catch quotas is enough to re-build productivity of the fishing 
ground. While considered extent of damage caused by tens of 
years of ploughing the bottom there is probably no return to virgin 
conditions. At least not in short period of time. It is possibly the 
case of Baltic Sea where this is not really helping. This is because 
the bottom habitat may not be renovated this way. Knowing extent 
and longevity of fishing operations on European waters we can 
easy assume that no one really knows original nestling behaviour 
of various fish species, that used to live on undisturbed bottom.  
Unknown mechanically damaged (levelled) bottom features and 
appreciated by different local species  need to be recreated and 
re-populated by sea-creatures already ceased to exist.  

SEA BOTTOM MINING FOR METALS 

New potential area of marine large scale industrial activity 
and appropriately large scale damage to environment, is sea bot-
tom mining or minerals. There are various minerals of interest 
like metal reach crusts and phosphates. However the most re-
presentative to the problem and most abundant are manganese 
nodules. They cover vast areas of ocean bottom with density of up 
to 20 kg per square metre. Since sixties of last century they are 
considered to be “readily available and unlimited” source of more 
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or less strategic metals. Area of the Clarion-Clipperton Zone, 
currently under jurisdiction of International Seabed Authority, 
is mostly considered and prepared for exploitation. It is  deep- 
water plain wider than the continental United States. Should 
commercial deep-sea mining take place, the controversy over 
its environmental impacts may be just the beginning. While the 
ISA’s principle of common heritage has legal force, the practical 
realities of sharing the financial proceeds and environmental is-
sues are not clear. When the Mining Code is approved, more than 
a dozen contractors could begin commercial extraction there. 
And there is no legal means to stop this activity. 

What would be the ecological consequences of future mining 
for polymetallic nodules in the deep sea in not really known. 
Phenomena such as sediment mixing, removal of nodules and 
sediment plumes that extend influence of activity several kilo-
metre are considered to be of most importance. Some studies 
are under way in the framework of the European project “Ecolo-
gical Aspects of Deep-Sea Mining”. Scientists from Germany and 
other European countries have revisited a disturbance experi-
ment conducted 26 years ago in more than 4,000 meter water 
depth in the eastern equatorial Pacific. They report “that even 
bacterial activity is still low in the plough tracks”[8]. 

Despite the great potential for the global metals market, poly-
metallic nodules remain a great promise. However, the situation 
may change quickly if the supply of raw materials from land 
deposits is not able to meet the growing demand. In order to be 
able to join the international division of labor in this field, it is 
necessary to constantly analyze the state of the art, define and 
prepare proposals for solutions. In fact, some 30 years ago, 
Gdansk  University of Technology developed a concept of the 
mining system for industrial recovery of 5 mln tons of, so called, 
“wet nodules” annually [9]. The mining complex concept was pre-
pared for the Interoceanmetal organization. It differs from the 
most frequently considered technologies that use pumping for 
vertical transport (recovery from depth) of nodules.  Large, auton-
omous, vehicles were intended for collection and vertical trans-
port of nodules. It also adopted a somewhat controversial con-
cept of release of solid ballast to balance the weight of nodules 
and to propel the vehicle. 
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he system (while build) would yield 100 000 tons of strategic 
metals annually at cost of annual destruction of 500 km2 of sea- 
bottom and destruction of 10 000 km2 during 20 years of planned 
operation. Specific positive aspect of proposal presented by 
Gdansk University of Technology was idea to replace nodules with 
solid state ballast (rocks) that would replace nodules as supports 
for living creatures that require such bases to fix and grow. 

HIGH RESOLUTION IMAGING AS A TOOL  
FOR LARGE SCALE DOCUMENTATION  

OF CHANGES OF SEA BOTTOM STRUCTURE 

It is opportunity to pay tribute to the persons that developed 
the technology of hydroacoustic and made it available to investi-
gators of environment before bottom habitat is damaged beyond 
ability of recovery. To make society aware of consequence of in-
dustrial activity, is compulsory to illustrate  processes and their 
results, providing citizens with pictures that are easy to under-
stand. Photographic technology was used and can be used for 
this purpose. This is excellent tool to visualize local phenomena 
like damages shown on fig. 3  and fig. 5. However, but it is diffi-
cult to use photography to document processes that take place 
on vast areas such as “fishing grounds”. Laser scanners can im-

Fig. 7. Proposals of manganese nodule mining systems that will cause sea bottom 
damage and images of this damage similar to that of resulting from bottom fishing 

with use of contact gears. 
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prove imaging processes in specific circumstances (for example 
in shallow waters), but hydroacoustic imaging gives best results 
since many years both in achieved resolution and productivity 
(area imagined in unit of time). Hydroacoustic imaging of water 
space started with use echosounder like transducer  mounted on 
side of a ship. First side scanning sonars were transmitting con-
ical beams and were able to show silhouette of a submarine. First 
side scan imaging sonar on towed body was developed in year 
1950 as military equipment. Its commercial version was fielded 
in year1960. Up until the mid-1980s, commercial side scan 
images were produced on paper records. The present day these 
systems, military and commercial, have been augmented by de-
velopments in swath bathymetry, multi-beam echo sounders, 
and synthetic aperture sonars (SAS) 1970 and various advances 
in signal processing. 

Best tool to be used to document subtle features on wide 
areas seems to be high frequency side scanning sonars (SSS) 
and more advanced version of this technology, synthetic aperture 
sonars (SAS) with adequate gap fillers. Both types SSS and SAA 
sonars offer resolution of 30 x 30 mm. However, synthetic aper-
ture systems offer up to 5 time higher imaging rate at similarly 
higher equipment cost. Due to much lower operational cost 
(short time required to scan the same area) the SAS solution is 
very favourable imaging of for large areas.  For shallow, low tur-
bid waters it wise to consider laser scanners  (LIDARs) that pro-
vide centimetre resolution up to 25 water depth. 
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PORTABLE SYSTEM WITH HIGH SAMPLING- 
FREQUENCY MEMS ACCELEROMETER 

ABSTRACT 

Vibration monitoring is a well-known and widely-used techni-
que for technical diagnosis of devices.  Using this technique, it is 
possible to foresee an incoming problem with a technical device, and 
avoid excessive environmental noise pollution. Vibration monitoring 
mainly uses piezoelectric accelerometers, which are high-precision 
and wide bandwidth devices, with price being the only serious dis-
advantage. Modern MEMS sensors, on the other hand are cheap, 
but usually with highly limited frequency bandwidth. The latter 
does not apply to the ADXL100x series of accelerometers by Analog 
Devices, which have a linear frequency response from DC to 11 kHz 
and the resonant frequency of 21 kHz. Such devices allow for appli-
cation technical diagnosis using cheap hardware solutions. The 
goal of this paper is to present an example of a portable device built 
using two ADXL1001 accelerometers and a popular BeagleBone 
Black development board. The system allows for a maximum of 
96 kHz sampling rate, which is more than required for the goal 
application. The system was tested using a calibration setup with 
a reference accelerometer.  

MEMS accelerometers, vibration signal processing, BeagleBone, 
mobile system. 



1. INTRODUCTION 

Sounds and vibrations are inherently correlated: sounds are 
produced by vibrations of objects, which in turn cause movement 
in the surrounding medium molecules. The connection works 
also the other way: sound can induce vibration of an object–a 
useful phenomenon which is a principle of microphone opera-
tion. Sounds can be pleasant and wanted, or unpleasant and 
unwanted, in which case we call them ‘noise’. However, noise 
can also be useful, even if it is unpleasant for humans. This 
unwanted sound can contain a lot of information about its 
source vibrations, and therefore be used to observe and diagnose 
the source. If the source is a technical object, one can use the 
sound and vibrations it produces for detection of possible faults 
and malfunctions. 

Early detection of machinery faults and failures is nowadays 
an important issue in industry and other applications, due to the 
fact that it allows to reduce maintenance costs and downtime. It 
is a branch of more general technique that is known under the 
‘condition monitoring’ term. Condition monitoring usually uses 
microphones and accelerometers as a measurement sensors, 
with the latter being more frequently used [1]. 

There are several types of accelerometers, e.g. piezoelectric, 
piezoresistive, capacitive, and others. Piezoelectric acceler-
ometers are the most popular in industrial applications due to 
their very good properties, like wide frequency and dynamic 
ranges, good linearity, etc. Their only drawback is the price, 
which is not very low. Therefore, capacitive accelerometers, man-
ufactured as microelectromechanical systems (MEMS), gained 
considerable attention in recent years [2]. This type of acceler-
ometers is nowadays very popular and present in many different 
types of portable devices, e.g. cell phones, automobiles, remote 
controls, game controllers. The main drawback of MEMS accel-
erometers is a relatively narrow frequency range, which can be as 
low as from zero to a couple of hundreds Hz. Fortunately, this 
drawback is slowly eliminated, since there are already acceler-
ometers with the frequency range exceeding 10 kHz. One of such 
accelerometers, namely ADXL1001 by Analog Devices [3], is the 
central component of the mobile system presented in this paper. 
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2. HARDWARE DESIGN 

The design of hardware presented in this publication was 
based on the following functional requirements.  
• The designed system should be portable, capable of operation 

with its own power supply.  
• The system should be able to acquire at least two channels, 

with the sampling frequency at least 16 kHz.  
• The data should be stored in persistent memory and available 

for later retrieval.  
• The system should be compact and shock-resistant.  
• The design should be cost-effective. 

The above requirements resulted in selection of the Beagle-
Bone Black (BBB) embedded system as a core of the developed 
solution. The BeagleBone Black is one of commercially available, 
low-cost development platforms, produced by Texas Instru-
ments, featuring a powerful OMAP3530 System-On-Chip with 
ARM Cortex-A8 core. It is also open-source and community-sup-
ported, requiring no licenses or other charges. It allowed to speed 
up the development by omitting a very time-consuming phase 
of hardware design and prototyping. The main specifications of 
the BBB are presented in Table 1. The board price varies from 
$100 to $150. 

The main goal of the BBB platform was to acquire and process 
data from the ADXL1001 accelerometer, which was available in 
a form of the ADXL1001Z evaluation module. The ADXL1001 is 
a single in plane axis MEMS accelerometer, with ultra low noise 

Table 1. The BeagleBone Black main specifications [4]. 

Processor Sitara AM3358BZCZ100, 1 GHz, 2000 MIPS 

Memory SDRAM 512 MB, Flash 4 GB 

General purpose IO ports 69 

Power source miniUSB or DC Jack 

Power consumption 210-460 mA 

Other connectors Ethernet, USB, microSD, HDMI 

Dimensions and weight 86x53 mm, 40 grams 
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density, analog output and linear frequency response from DC to 
11 kHz. The main specifications of the ADXL1001 are presented 
in Table 2. 

To connect the BBB and the accelerometer boards, add power 
supply (with basic protection) and a minimalistic user interface, 
a simple electronic circuit was designed, as presented in a form of 
a block diagram in Figure 1. The circuit comprises a power supply 
board, which was designed with the aim of providing a basic protec-
tion (over-voltage and reverse polarization) and automatic switching 
from internal to external power supply. The power supply uses the 
LM7805 stabilizer to provide a stable 5 V output to the BBB board 
for a wide range of the input voltage (9–14 V). The circuit also in-
cludes an LED diode and a switch, which allow the user to used to 
select one of the two operating modes and provides a visual output. 

Another important function of the designed electronic circuit 
is anti-aliasing filtration. Although the ADXL1001Z board con-
tains a basic anti-aliasing filter, the filter order is too low (1st or-
der Butterworth filter), the filter cutoff frequency is too high 
(around 23 kHz) and the filter is located near the sensor, allowing 
the spurious signals induced in the connection wires to enter the 
analog-to-digital converters (ADCs). Therefore, an additional 3rd 

order Butterworth filter was designed, with the cutoff frequency 
equal to 8 kHz. The filter also serves as a voltage divider, as the 
ADCs input range is 0-1.8 V. Unfortunately, even such filter pro-
vides only around 10 dB of attenuation at the accelerator reso-
nant frequency (21 kHz), which is not enough to effectively filter 
aliasing signals. For this reason, an oversampling and digital 
filtration was also implemented, as discussed in the next section. 

Table 2. The ADXL1001 main specifications [3]. 

Measurement range ±100 g 

Linear frequency range (3 dB) 0-11 kHz 

Resonant frequency 21 kHz 

Noise density 30 μg/√Hz 

Power supply 3.3-5.25 V 

Sensitivity 20 mV/g 

Temperature range -40-125 ºC  
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3. SOFTWARE DESIGN 

By default, the BBB board ships and operates under the Li-
nux Debian operating system, although other OS are also avail-
able [5]. Therefore, once powered, the board starts the Linux 
kernel and accompanying processes first. The general purpose 
input-output (GPIO) ports and the ADCs are managed by the part 
of the kernel called the device tree, which is a data structure and 
language for describing hardware and its configuration. By sim-
ple means of editing selected text files, the device tree kernel 
subsystem allows to configure the hardware. In case of this work, 
the device tree was used to set the ADCs sampling frequency to 
96 kHz. Such high sampling frequency was selected to oversam-
ple the input signal and allow for effective anti-aliasing filtration. 

The next step was to write a software that will be responsible 
for final configuration, data acquisition, filtration and storing the 
acquired data on an SD card. The program was created in the 
C language, in a modular form, containing the following five mod-
ules: 

Figure 1. Hardware design block diagram. 

Portable System with High Sampling-Frequency MEMS Accelerometer 83 



• configurator – the module responsible for final configuration 
of GPIO ports and internal data structures,  

• acquisitor – the module responsible for data acquisition from 
the ADCs,  

• gpioManager – the module which allows to read and write the 
GPIO ports,  

• fileManager – the module responsible for SD card mounting, 
file creation, data storage, etc.,  

• filter – the module designed to perform the final data filtration 
and decimation. 
The last of the above modules was designed to downsample 

the acquired accelerometer data from the original sampling fre-
quency 96 kHz to the desired 16 kHz. To avoid aliasing, the pro-
cedure must be preceded with effective digital filtration [6], and 
the whole process is called decimation. On the other hand, the 
filtration must be fast, as it will be implemented in the real time. 
Therefore, a cascaded integrator-comb (CIC) filter was selected, 
which in fact is an optimized finite impulse response (FIR) filter 
combined with the downsampling. 

The CIC filter transfer function is given by [7]: 

H zð Þ ¼
1 � z� RM
� �N

1 � z� 1ð Þ
N

ð1Þ

where R is the decimation ratio, M is the number of samples per 
stage (usually 1), and N is the number of stages. In the discussed 
case, the decimation ratio is equal to 96/16 = 6, while the num-
ber of stages was selected as N = 5. Figure 2 presents the fre-
quency response of the selected CIC filter. It can be observed that 
the filter exhibits a deep null around the frequency 16 kHz, 
i.e. the Nyquist frequency after decimation, and the largest side 
lobe has magnitude -60 dB, which is quite enough for the dis-
cussed application. 

Figure 3 presets the estimated power spectral density (using 
the Welch method) of the unfiltered and filtered accelerometer 
exemplary data before downsampling. One can notice that the 
frequency components above 8 kHz (the new sampling frequency) 
are effectively attenuated after the filtration. Therefore, no alias-
ing will occur during the downsampling of such signal. 
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4. CALIBRATION AND TESTS 

The device was tested using a dedicated laboratory setup, con-
sisting of the Brüel&Kjær Type 4809 vibration generator, equipped 
with the reference accelerometer and the Type 2525 Measuring 
amplifier. The accelerometers were excited using a single sine sig-
nal, with frequencies 160 Hz and 500 Hz, and with different am-
plitudes of vibrations. The acquired data were then analyzed to 
determine the amplification factor necessary to scale the data 
properly. This was necessary due to the fact that the accelerator 
sensitivity was only given for the supply voltage of 5 V, while in the 
developed solution the accelerators were supplied with 3.3 V. 
Moreover, the electronic circuit introduced a voltage divider, with 
a division factor imprecise due to imprecise resistor values. 

An exemplary signal recorded during this calibration is 
presented in Figure 4. The accelerometer was excited with the 
frequency of 160 Hz, and with an amplitude of acceleration of 
13.86 m/s2. From the figure it can be observed that the ampli-
tude of the recorded signal (that is half of the peak-to-peak va-
lue) is around 0.02 V. Therefore, the scaling factor should be 
around 700. 

Figure 2. Frequency response of the CIC filter with M=1, R=6 and N=5. 
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5. CONCLUSIONS 

A portable device for vibration measurement and recording 
using MEMS accelerometers were designed and constructed. 
The device is based on the BeagleBone Black development board, 
which provides a processing power necessary for fast sampling at 
a price of reasonable power consumption. The device uses the 
ADXL1001 MEMS accelerometers, offering a wide frequency 

Figure 3. Exemplary power spectral density of the accelerometer data. 

Figure 4. Data recorded during the device calibration. 
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range, exceeding 10 kHz, therefore, the sampling frequency of 
96 kHz was seleted. However, due to potential application of 
the device [8], the frequency band was narrowed down to 8 kHz 
using digital signal filtration and decimation. The device was ca-
librated using a vibration exciter and a reference accelerometer. 
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MODELLING OF PLATE-TYPE ACOUSTIC 
METAMATERIALS USING ANSYS 

ABSTRACT 

The acoustic metamaterials are frequently designed using FEA 
techniques. This paper presents the detailed method of employing 
the periodic boundary condition and Floquet periodic boundary 
condition in the FEA software – ANSYS 2022 R1. The procedure 
operates on APDL (Ansys Parametric Design Language) code in-
serted into analysis in Mechanical Application. An example of 
plate-type metamaterial with antisymmetric periodicity is used for 
verification of the procedure.  

KEYWORDS: FEM, acoustic metamaterials, periodicity, periodic 
boundary condition, Floquet periodicity 

1. INTRODUCTION 

Acoustic metamaterials (AMMs) are artificial periodic struc-
tures, which enable control of the acoustic field to a level not 
reachable by conventional methods. The 2D structures, such 



as plate-type AMMs, received growing attention over the last dec-
ades, especially in noise control. Locally resonances forming in 
the given grid lead to band gaps development and hence, break 
the law mass for acoustic insulation. This advantage is attainable 
only for a finite frequency range. Therefore, acoustic metamater-
ials may be employed to control tonal and narrow-banded noise 
or in applications with weight and space limitations. 

The design process of AMMs frequently operates on Finite 
Element Analysis (FEA). FEA joins the usage simplicity with the 
ability to compute the solutions for complex geometrical objects. 
The possible analysis types which could estimate the AMMs fea-
tures are Linear Dynamic Analysis (e.g., Modal and Harmonic 
Response) or Acoustic Analyses (e.g., Harmonic Acoustics). All 
mentioned types are the issue of this paper. 

The single metamaterial design consists of a dense grid of 
periodically distributed cells. Each cell may contain thousands 
of mesh elements thus only practical method to solve the results 
is to use the periodic boundary condition or Floquet periodic 
boundary condition on a single cell. 

2. MATERIALS 

The model sample employed to present the following analysis 
will be low-band plate-type metamaterial as in Fig. 1. The reso-
nant structures are beams fixed rigidly in the middle with 
a holder to the flat panel. The whole plate is periodic in the XY 
plane and excited by an incident plane wave along the Z axis. The 
periodicity in the given material is odd (marked in Fig 1 with 
dashed lines), which means that along the axis X, the cell is in-
verted through the axis Y and vice versa. The four adjacent cells 
(marked with blue in Fig 1) assemble a larger partition with reg-
ular periodicity. 

Table 1. presents all material parameters and dimensions im-
plemented in the model. The materials utilised in simulations are 
orthotropic (cardboard for beams and holders and paper honey-
comb for the base panel). 
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Fig. 1 The simulated plate-type metamaterial scheme. The single cell is marked 
with colour blue. With antiperiodic cells are marked with dashed lines. 

Table 1 Material parameters and structure dimensions used in simulation   

Material parameters Structure dimensions   

Parameter Direction Value Dimension Direction Value 

Beams 
and 

holders 

Young 
Modulus 

y & z 1,02 GPa Regular 
lattice con-
stants A 

x (A) 112 mm 

x 2,05 GPa y () 88 mm 

Poisson’s 
ratio 

xy, xz   
& yz 0,3 

Antiperio-
dic lattice 
constants 

x () 56 mm 

y () 44 mm 

Material 
depen-
dent 
damping 
ratio   

x, y & z 0,0344 Beam 
length 

x () 44 mm 

y () 32 mm 

Density — 667 kg/ 
m3 

Beam 
thickness x, y 3 mm 

Beam 
width x, y 10 mm 

Holder di-
mensions x, y 10 x 10 

x 3 mm 

Base 
panel 

Young 
Modulus x, y & z 0,11 GPa Panel 

thickness — 10 mm 
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3. METHODS 

The basic analyses needed to simulate the plate-type acoustic 
metamaterials are: 
• Linear Dynamic Analysis - to calculate the results only con-

cerning AMMs body, e.g., Modal Analysis to obtain modes and 
dispersion curve or Harmonic Response Analysis to obtain the 
vibration response to known excitation,  

• Acoustic Analyses, to calculate the AMM behaviour coupled 
with the surrounding acoustic field (Acoustic Region) e.g., 
Harmonic Acoustics to calculate the Transmission Loss. 
To limit the size of the periodic model, the periodic Boundary 

Condition should be applied. In Ansys Mechanical Application 
there is a tool enabling such condition – the Linear Periodic Sym-
metry Region. This tool specifies the constraint equations linking 
the degrees of freedom (DOFs) of the cells' low to the high bound-
ary (Fig. 2). Unfortunately, its application is restricted to struc-
tural and thermal or thermal-electric analyses. Furthermore, the 
symmetry is viable only in a single direction, preventing its im-
plementation in 2D AMM. [1] 

The concept will be recreated in terms of APDL Commands 
and executed within every performed analysis. 

Fig. 2 Linear Periodic Symmetry in one direction 
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3.1. PERIODIC BOUNDARY CONDITION 

Let us consider the model illustrated in Fig 3. Every marginal 
surface belongs to one of the low or high boundaries in both 
directions:  
• Low X/Y – name selection for low X/Y boundary,  
• High X/Y – name selection for high X/Y boundary. 

The mesh on each pair of boundary surfaces must be identi-
cal. The bottom surface of the base panel is fixed and every con-
nection between the bodies is set to "bonded". 

The prepared model and mesh enable to execute the APDL 
Commands. 

The valid constrain equation requires the definition of pilot 
nodes for both directions (Pilot_X/Y). Each pilot node is located 
in the invariable point. Pilots should be assigned to mass-type 
elements with the weight of zero and DOFs specified exclusively 

Fig. 3 Exemplary model with generated mesh for regular lattice 
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to displacements (KEOPT(3) of MASS21 element set to 2). Corre-
spondingly, pilots must have separate materials and real con-
stants. This condition could be defined by the means of APDL. 

The easiest method to constrain the nodes is to define corre-
sponding matrices for both low and high boundaries. This is ac-
complished by defining the matrix with every node index number 
and location for the low boundary followed by building the com-
plementary matrix for the high boundary. The second may be 
implemented by searching each node by its location respectively 
to the opposite one. The commands for X direction are: 

nsel,s,LOC,X,(Low_X(ii,2)-tol_X)+shift_X,(Low_X(ii,2)+tol_X) 
+shift_X 
nsel,r,LOC,Y,Low_X(ii,3)-tol_X,Low_X(ii,3)+tol_X 
nsel,r,LOC,Z,Low_X(ii,4)-tol_X,Low_X(ii,4)+tol_X 
*get,High_X(ii,1),node,,num,max 

where: 

Low/High_X – the matrix of low/high boundary, the row number 
refers to node index and column number to data type: 1 – node 
index, 2, 3, 4 – locations in X, Y and Z directions respectively; 
tol_X/Y – toleration of node location – with the value of approxi-
mately 1/10 of the minimal element size; 
shift_X/Y – lattice constants: A or B. 

For the Y direction, commands are congruent. 
For antisymmetric geometry (Fig 4), as in the examined exam-

ple, the Y-component position for X direction periodicity and X- 
component position for Y direction periodicity should be re-
versed, hence the code lines should be replaced with: 

nsel,r,LOC,Y,shift_Y-Low_X(ii,3)-tol_X,shift_Y-Low_X(ii,3) 
+tol_X 
nsel,r,LOC,Y,shift_X-Low_Y(ii,2)-tol_Y,shift_Y-Low_Y(ii,2) 
+tol_Y 

Finally, the symmetric nodes are in relation according to 
equation linking their DOFs. For Linear Dynamic Analysis the 
only DOFs linked are displacements: 

uH ¼ uL þ uP ð1Þ

where uH; uL; uP are nodes displacement vectors. 
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The APDL implementation (in example of X direction) for reg-
ular periodic lattice is as follows: 

CE,NEXT,,Low_X(ii,1),UX,-1,High_X(ii,1),UX,1,Pilot_X,UX,1 
CE,NEXT,,Low_X(ii,1),UY,-1,High_X(ii,1),UY,1,Pilot_X,UY,1 
CE,NEXT,,Low_X(ii,1),UZ,-1,High_X(ii,1),UZ,1,Pilot_X,UZ,1 

For the Y direction, commands are congruent. 
For antiperiodic lattice, the Y-component displacements for 

X direction of periodicity and the X-component displacements 
for Y direction of periodicity are reversed, which replaces the 
respective lines with: 

CE,NEXT,,Low_X(ii,1),UY,-1,High_X(ii,1),UY,-1,Pilot_X,UY,1 
CE,NEXT,,Low_Y(ii,1),UX,-1,High_Y(ii,1),UX,-1,Pilot_Y,UX,1 

In the case of Acoustic Analyses, the additional equation links 
the acoustic pressure for surrounding medium (Acoustic Region): 

pH ¼ pL ð2Þ

where pH; pL; pP are nodes acoustic pressures. 

Fig. 4 Exemplary model with generated mesh for antiperiodic lattice 
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The APDL command (in example of X direction) is given only 
for single constraint equation. Since the quantity is scalar, there 
is no need to diversify the relation for antisymmetry: 
CE,NEXT,,Low_X(ii,1),PRES,-1,High_X(ii,1),PRES,1 

The above procedure for antiperiodic lattice is not precise. 
Reversing the axes of location and displacement twice for x and 
y directions leads to significant error. The X and Y displacement 
components on the marginal edges (marked with red lines in 
Fig. 4) are falsely fixed. The explanation is, that the diagonal 
nodes of low and high edges have linked displacements in simul-
taneously +X, +Y and -X, -Y directions. The consequence of the 
error is explained in paragraph 4. 

3.2. FLOQUET PERIODIC BOUNDARY CONDITION 

The dispersion curve relates the frequency of a wave propa-
gating through the medium to its wave number. The homoge-
neous body dispersion curve is linear for any given wave fre-
quency, whereas in metamaterials the band gaps could form. 
The width and height of a band gap may be crucial conditions 
in the metamaterial project process. The dispersion relation is 
the solution of the Bloch-Floquet theorem [2], [3]: 

u xð Þ ¼ u x0ð Þe
ik x� x0ð Þ ð3Þ

where: u xð Þ; u x0ð Þ.  are the displacement vectors in the respective 
locations, and k is the wave vector (Floquet wavenumber). 

The relation in examined model will adopt the form of: 

uH ¼ uLe
ikr ð4Þ

where r stands for lattice constant (A or a for X direction and B or 
b for Y direction). 

Such relation is the eigenvalue problem with defined values of 
k, with the results obtainable in Ansys through the Modal Ana-
lysis. Prior to the analysis, the k vector must be specified. The 
k vector should cover the whole indivisible Brillouin Zone. In 
a given 2D model with perpendicular lattice, the Brillouin Zone 
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with every possible k vector is as in Fig 5. This means that for 
each k value in directions x and y, starting from point Γ through 
X, M to Γ, an individual Modal Analysis is conducted. k equal to 
0 simplifies the equation (4) to the eq. (1), which makes this 
a simple Modal Analysis as in paragraph 3.1. 

After expanding equation (4), the complex relation emerges: 

uRH
uIH

� �

¼
cos ka � sin ka

sin ka cos ka

� �
uRL
uIL

� �

ð5Þ

The imaginary displacement field uI requires duplicating the 
mesh as in the Fig. 6. [2]. 

The APDL implementation of constraint equations based on 
eq. (4) are as follows. 

For real high boundary, the periodicity in X direction for each 
node is represented by: 

CE,NEXT,,Low_RX(ii,1),U,-COS(K_X*shift_X),High_RX(ii,1),U,-1,…  
… Low_IX(ii,1),U,SIN(K_X*shift_X) 
CE,HIGH,,Pilot_X,U,1 

Where U stands for UX, UY and UZ displacements and K_X is wave 
number in X direction. 

The lines for Y direction are corresponding: 
CE,NEXT,,Low_RY(ii,1),U,-COS(K_Y*shift_Y),High_RY(ii,1),U,1,…  
… Low_IY(ii,1),U,SIN(K_Y*shift_Y) 
CE,HIGH,,Pilot_Y,U,1 

Fig. 5 Brillouin zone for perpendicular lattice 

Modelling of Plate-Type Acoustic Metamaterials Using ANSYS 97 



For the imaginary high boundary, the lines are: 

CE,NEXT,,Low_RX(ii,1),U,-SIN(K_X*shift_X),High_IX(ii,1),U,-1,…  
… Low_IX(ii,1),U,-COS(K_X*shift_X) 
CE,HIGH,,Pilot_X,UZ,1 
CE,NEXT,,Low_RY(ii,1),U,-SIN(K_Y*shift_Y),High_IY(ii,1),U,1,…  
… Low_IY(ii,1),U,-COS(K_Y*shift_Y) 
CE,HIGH,,Pilot_Y,U,1 

4. RESULTS AND DISCUSSION 

The procedure was assessed by the Modal and Mode-Super-
position Harmonic Response Analyses. The Modal Analysis was 
prepared as described in paragraph 3, while Harmonic Response 
Analysis had an acceleration load of 1 mm/s2 applied to the fixed 
surface. The response spectra of vibration velocity level were 
averaged from displacements in the Z direction for nodes located 
near the free end of the beam. 

The verification of the Linear Dynamic Analyses results con-
firms that the procedure links the low boundary surfaces to high 
boundary surfaces properly. The mode shape for both directions 

Fig. 6 Real and imaginary mesh — the antiperiodic lattice example 
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is compatible with its representations on the opposite boundary 
(Fig 7). Unfortunately, the falsely fixed edges remove from the 
results modes with non-zero displacements. Table 2 represents 
the frequencies of identically shaped modes for both lattices – 
modes 1 and 3 are not perceptible in the antiperiodic lattice. 
Nevertheless, in specific circumstances, the procedure gives 
a partial solution with valuable information. When the flat struc-
ture operates on an acoustic wave perpendicular to itself (which 
is often the case in plate-type AMMs), it is excited in the Z direc-
tion. If the local resonators are symmetrical to the mentioned 
supports and the supports are located on the cell edges, the max-

Fig. 7 Total deformation of primary modes in Z direction for antiperiodic lattice 

Table 2 Modes for antiperiodic and regular lattice 

Mode  
number 

Antiperiodic lattice mode 
[Hz]  

partial solution 

Regular lattice modes [Hz]  
(with quadruple antiperiodic cell)  

full solution 

1 - 
244,18 

245,45 

2 245,87 
248,21 

249,89 

3 - 
286,67 

287,19 

4 312,88 
312,15 

312,88 

5 336,06 
341,26 

343,74 

6 491,67 
491,12 

491,14  
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imal Z-component displacements in the whole structure arise 
when these supports move entirely in this direction. This leads 
to the conclusion that the crucial information about AMM's nat-
ure of motion could be read only from selective modes. 

The vibration velocity response spectra indicate the resonance 
corresponding to the first Z-directional mode for every beam 
(Fig. 8). The results for both procedures are almost identical. 

That proves the partial results could deliver the approximate 
solution i.e., in the first design stage or in the optimization pro-
cess. A smaller model can lower the computation time by four 

Fig. 8 Response spectra of Z-component vibration velocity level of free end  
of the beams – a beam turned in the x direction 

Fig. 9 Response spectra of Z-component vibration velocity level of free end  
of the beams – a beam turned in the y direction 
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times or more. Regardless, the antiperiodic lattice procedure 
could only be used for certain requirements and should not re-
place the full solution. 

5. CONCLUSIONS 

The exemplary acoustic plate-type metamaterial demon-
strates the method of simulating the periodicity using ANSYS. 
The procedure allows conducting the periodic or Floquet periodic 
boundary conditions in both directions simultaneously. The pa-
per offers the antiperiodic lattice approach, which is an alterna-
tive to the direct periodic lattice. The presented approach omits 
the modes requiring the perpendicular deflection of the marginal 
edges from the result and consequently gives only the partial 
solution. Nevertheless, when carefully applied, this method 
yields results almost identical to the full solution, with more than 
four times less computational time. 
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HISTORY OF SONOGRAPHY 
IN OPHTHALMOLOGY 

ABSTRACT 

Since first reports in 1949, the application of sonography have 
been expanded in medicine and ophthalmology.Starting from 
A-mode ultrasound used for differential diagnosis of retinal detach-
ment and choroidal melanoma, to advanced corneal epithelial thick-
ness measurement using Very High Frequency enabling more 
accurate outcome for refractive surgery. In our paper we describe 
a historical development of ultrasound technique as a diagnostic 
tool in ophthalmology. We conducted database research, using 
Pubmed and Google Scholar. As a result we present historical be-
ginnings and current interests in ophthalmic ultrasound.  

KEYWORDS: ultrasound, ultrasound biomicroscopy, very high 
frequency ultrasound, clinical applications, ophthalmology 



Ultrasounds are defined as acoustic oscillations distributed 
in a medium with frequency higher than 20 KHz, that are inaud-
ible for humans [1]. First reports considering use of ultrasound 
in medicine are from 1949 and consider use of reflectoscope, an 
apparatus generating frequencies between 1-2.5 MHz for assess-
ment of the quality of industrial metal . George Ludwig employed 
the reflectoscope for measurement the acoustic impedance of 
gallstones, by comparing them to human muscle tissue and beef 
tissue.  He defined impedance as a product of density and velo-
city of sound in the substance. The differences between different 
tissue impedances allowed for differentiation between gallstone 
and muscle tissue. Additionally the author concluded that wave-
length should not exceed the diameter of a visualized object [2]. 
In 1951, John Wild and John Reid built the first B-mode scanner 
[3]. In 1956 Henry Mundt described the first application of ultra-
sound in distinguishing between retinal detachment and choroi-
dal melanoma in humans. Studies performed before  on calves' 
eyes using different parameters of ultrasound machines resulted 
in secondary cataracts after 20 minutes exposure [4]. Before per-
forming exams on patients, authors examined pigs eyes in order 
to determine output signal and complications. Using reflecto-
scope authors were able to differentiate between retinal detach-
ment and choroidal melanoma, the two diagnoses that appear 
similar in clinical examination, however differ significantly in 
treatment and prognosis [5]. Higher frequency transducers pro-
vide finer resolution of more superficial structures, whereas low-
er frequency transducers provide greater depth of penetration 
with less resolution. Nowadays ophthalmic ultrasound is parti-
cularly useful when the visual pathway is unclear, due to corneal 
opacities, cataracts or vitreous hemorrhage (image 1). It provides 
a cheaper, faster and complications-free alternative to other ima-
ging methods such as CT or MRI. Current indications for 
ophthalmic ultrasound have been summarized in table 1[6]. 

In our paper we present historical and modern aspects of 
application ultrasound in ophthalmology. As per methodology, 
we searched  Pubmed and Google Scholar using keywords: 
ophthalmic ultrasound, ultrasound ophthalmology, b presenta-
tion ultrasound ophthalmology, a presentation ophthalmology. 
We cite newest articles as well as historically significant papers. 
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An A-mode (amplitude)  is a two-dimensional method of pre-
senting the acquired signal in time. Ultrasound probe generates 
acoustic waves that are reflected back to the probe, then the 
signal is plotted on screen as a function of depth. The first appli-
cations of ultrasound in ophthalmology in 1956 used that mode 
for diagnosing choroidal melanoma. The output was a linear 
chart with waves that correspond to the distribution of acoustic 
waves passing  through consecutive parts of the eyeball (image 2). 
Authors also made an observation that the length of the record 
depends on the length of the eyeball and is significantly shorter 

Image 1. Causes of unclear visual pathway 

Image 2. Interpretation of a-mode ultrasound in relation to the eye 
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in children with microphthalmos (congenital small eyeball), also 
the posterior pole tumor creates bigger reflection in the A-mode 
scan when the probe is directly above the tumor. They proved 
that A-mode ultrasound is a suitable method for qualitative dif-
ferential diagnosis of retinal detachment and choroidal melano-
ma. (image 4). Limitations of that method were uncomfortable 
patients' position - an eye had to be immersed in saline solution, 
long exposure time and inability to demonstrate differences be-
tween tumor and subretinal  hemorrhage [5].  The ultrasound 

Image 3. A-mode scan of healthy eye (A), a-mode scan of eye  
with retinal detachment, scans are similar 
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projection A machine was presented in Boston in 1972 and it 
used a 10 MHz head. The camera was handheld and could be 
held directly to the eye. The device allowed to obtain images with 
a resolution of 0.3 mm. [7] 

The A-mode ultrasound was also used in quantitative mea-
surement of axial length, lens thickness and vitreous chamber 
depth. The velocity of ultrasound in temperature of 37 degrees 
Celsius was found to be 1536 m/s in artificial aqueous humor 
and 1532 m/s in the vitreous [8, 9]. Knowing the distance be-
tween two waves in ultrasound transcript (image 5) – one from 
the cornea and other from the lens – the depth of the anterior 
chamber can be calculated. For practical reasons, the velocity in 
the anterior chamber and vitreous have been  approximated to 
1532 m/s. The ratio of the distance traveled by ultrasound in one 
medium (a1) to that in another medium (a2) is the same as the 
ratio of the velocity in the first medium (V1)to that in the other 
medium (V2) when the passing time is the same in both. The 
formula is: 

a1=a2 ¼ v1=v2

Image 4. A-mode scan of a healthy eye (A), a-mode scan of an eye 
with melanoma, posterior reflection is stronger (B) 
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The passing time between cornea and anterior lens surface is 
the same as the passing in the distance of water (d1) between 
echo A and B in the ultrasound transcript. The velocity of ultra-
sound in water in temperature = t is 1557 - 0.0245 (74 - t)2, so the 
formula for the depth of the anterior chamber  (d2) is 

anterior chamber depth = 1532 � d1=1557 � 0:0245 74 � tð Þ
2

When that formula was created, the anterior chamber depth 
could be alternatively assessed with an optical apparatus man-
ufactured by AB Visus, Gothenburg, Sweden using  Stenstrom’s 
method [10], authors of the study obtained similar results from 
both methods. In order to  determine lens thickness one needs to 
determine the velocity of ultrasound in healthy lenses, it was 
tested to be 1641 m/s [8,9]. The formula for the lens thickness is 

lens thickness = 1641 � d2=1557 � 0:0245 74 � tð Þ
2

where d2 is the distance of water between the interference posi-
tion of echo B and echo C. Similarly, the velocity of ultrasound in 
vitreous chamber was determined 1532 m/s in temperature +37 
degrees Celsius [7,8]  and the apparent position of vitreous was 
defined as the distance between echo C and D (d3) 

length of the vitreous = 1532 � d3=1557 � 0:0245 74 � tð Þ
2

The average anterior chamber depth in the age group 40-49 
years old was 3,58 mm for men and 3,45 mm for women and the 
number decreased with age. Results were similar to those ac-

Image 5. A-mode scan A - anterior corneal surface, B - anterior lens surface,  
C- posterior lens surface, D - posterior wall, E- interferometer 
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quired by optical device. The lens thickness in the age group 40- 
49 years old was 4,189 mm for men and 4,098 mm for women 
and the number increased with age. The vitreous chamber length 
in the age group 40-49 years old was 15,79 mm for men and 
15,38 for women and the number decreased with age. The axial 
length was calculated as the sum of the values above and corneal 
thickness as well and totalled 24,00 mm for men and 23,13 mm 
for women [11]. Similar results were reported by Stenstrom in 
1946, he determined using roentgen rays that axial length was 
24,04 mm for men and 23,89 mm for women. Additionally in the 
study the correlation between axial length and refraction was 
found: subjects with longer eyeballs were myopic and those with 
shorter eyeballs were hypermetropic [12]. Similar finding was 
reported by Franken in 1961 using the ultrasound (image 6) 
[11, 13]. Knowledge of the length of those structures allows for 
calculating the power of the intraocular lens implanted into the 
eye during cataract surgery. Nowadays A-mode ultrasound in 
applanation technique has been declared safe and is still used 

Image 6. Correlation between length of optic axis and refraction;  x-axis: length 
of optic axis expressed in scale divisions; 50 = 16.7 mm, 60 = 20.0 mm, 70 = 23.3 

mm, 80 = 26.7 mm, 90 = 30.0 mm; y-axis the refraction 
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before cataract surgery, however new techniques have been in-
troduced [14]. Partial coherence interferometry (PCI) is an optical 
method of axial length measurement used in IOL Master 700 
(Carl Zeiss, Jena, Germany). PCI uses a projection of 6 light spots 
of an infrared laser (780 nm) illuminating the cornea (projected 
radius of 2.3–2.5 mm) [15]. The light source separates into two 
beams then both of them are reflected from separated ocular 
interfaces at different times. If the delay of these two light beam 
equals an intraocular distance within the coherence length of the 
light source, an interference signal (called partial coherence 
interferometry signal) is detected, similar to that of ultrasound 
A- scan, but with a very high resolution (approximately 12 um) 
and precision (0.3 to 10 um) (image 7). In biometry, PCI based 
measurements resulted in fever refractive errors compared to 
ultrasound (applanation) biometry, however it cannot be used 
in patients with dense cataracts, or with motor disabilities such 
as tremor [16]. Optical low coherence reflectometry (OLCR) is 
another optical technique used in apparatus  LENSTAR LS900 
(Haag-Streit, Bern, Switzerland). It uses a superluminescent 
diode (wavelength: 845 nm, coherence length: ~30 μm) to mea-

Image 7. Sketch of the  partial coherence interferometer. The eye is illuminated 
by the interferometer, then reflected signals,  for example C1, C2, R1, and R2, 

are superimposed on and detected by a photodetector. 
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sure coherence of the light source [17]. In comparison to appla-
nation biometry OLCR is similar to PCI and it produces more 
accurate results, however it has the same limitations as PCI – 
when the cataract is dense the beam of light cannot penetrate 
through the tissue, hence there is no result. When comparing 
listed methods of measurement the axial length, the smallest 
magnitude of mean and SD of difference in AL (0. 01 mm±0.03  
mm) was in the IOLMaster-LENSTAR comparison, followed by 
the LENSTAR-applanation comparison (0.18 mm±0.23 mm; 
−0.52 D±0.93 D). It means that PCI and OLCR offer the resolution 
10 times better that A-mode ultrasound biometry (10 micron vs 
100 micron), nevertheless due to the limitations of optical meth-
ods there are still some indications for A-mode biometry, such as 
dense cataract, lack of cooperation with the patient or general 
diseases such as parkinson disease or tremor in general. 

Presentation B enables two-dimensional imaging of the pos-
terior segment of the eye, and therefore allows the detection of 
bleeding into the vitreous chamber, retinal detachment, and in-
traocular tumors. Since ophthalmic examination is based on vi-
sual structural assessment in direct examination,during a vitr-
eous hemorrhage visual inspection of the fundus is not possible. 
Ultrasound allows to differentiate between fresh haemorrhages 
and old lesions, also to assess the degree of blood absorption. 

In B-view ultrasound, the presence of tears, detachments, or 
clinically insignificant retinal dissections can be detected.  The 
detachment itself can only be diagnosed by an experienced ultra-
sound specialist in the A projection – however, it is not used in 
clinical practice. Ultrasound examination in a patient with a ret-
inal detachment allows to plan the scope of the operation and the 
location of possible scleral support, which is a surgical technique 
used in retinal detachment. It allows to assess the safety of vi-
trectomy – vitreous removal. [18] The diagnosis of subretinal 
bleeding is largely based on ultrasound. It enables to assess 
the coexistence of a retinal tear at an early stage, requiring laser-
ing. The ultrasound determines further treatment. [19] Nowa-
days, ultrasound examination in B presentation allows for the 
diagnosis of vitreous haemorrhage [20] and retinal detachment 
with high sensitivity and specificity. [21] 
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Projection B combined with the measurements made in the 
A projection and subjected to their evaluation based on a prede-
fined algorithm allows for the improvement of the efficiency of 
the diagnosis of eye cancerous tumors. [22] In some cases, ul-
trasound is more useful than other imaging methods, such as 
MRI, in diagnosing tumor infiltration of surrounding tissue. [23] 
Projection B is not free from limitations. The higher the resolu-
tion (frequency), the shallower the signal penetration [21]. In 
a general sense, a useful ultrasound machine is one allowing 
to image structures as large as 1 mm to a depth of about 
150 mm. Ultrasound travels through the tissues at a speed of 
about 1500 m/s. [24] Wavelength is one of the factors that de-
termine the final resolution of the image generated by an ultra-
sound scanner. The depth of the imaging depends on the signal 
frequency used. Signals with a frequency of 10 MHz can pene-
trate to a depth of 50 mm, and signals with a frequency of 
60 MHz to about 5 mm. Unfortunately, the opposite is true with 
the resolution of the image obtained. Higher frequency waves 
give a higher resolution image, but allow for shallower struc-
tures to be imaged. [25] This is reflected in practice. Ultrabio-
microscopy uses high-frequency waves to obtain high-resolu-
tion images. In the case of an ophthalmic examination, it is 
used to assess the angle of infiltration, the depth of the anterior 
chamber or the condition of the ligamentous apparatus [26]. 
The ideal ultrasound transducer features a high-performance 
transmitter and a highly sensitive receiver. Its acoustic impe-
dance is similar to that of the human body. Currently, the heads 
use synthetic ferroelectric ceramic zirconate titanate (PZT) as an 
ideal material for the construction of the transducer [26]. Tis-
sues absorb ultrasound according to the 0.2-0.5 dB per cm per 
MHz rule. The attenuation increases with increasing frequency 
and distance. For some time, the sensitivity of the head is too 
low to effectively receive and analyze the signal – it does not 
penetrate the background echo [24]. 

An interesting issue is ultrasonic computed tomography, 
which uses ultrasound to obtain transverse scans and then 
merge them into a three-dimensional image. The expectations 
regarding this technology are high. The first studies, however, 
do not show promising results. 
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Due to the problem of deflection of sound waves on heteroge-
neous tissue, the image produced on the basis of the scans differs 
significantly from the real one. [27] In the case of an ophthalmo-
logical examination, the lack of hard bone structures obscuring 
the viewed image may give hope for the development of this tech-
nology and its use in the future in ophthalmic diagnostics. 

The highest frequency of ultrasound in medicine in general is 
used for imaging the anterior segment of the eye. The ultrasound 
biomicroscopy (UBM) is a contact, non-invasive method that re-
quires topical anesthesia and uses frequencies from 35 to 60 
MHz. It was first described in 1992 by Pavlin et al [28]; authors 
used 50–100 MHz transducers that produced 4 x 4 mm filled 
within 4 mm depth with 512 images lines at scan rate 5 frames 
per second. The probe was immersed in a cup that was placed on 
the cornea and was filled with methylcellulose solution. The used 
value for the speed of sound in ocular media was 1540 m/s. 
Average anterior chamber depth was 3,128 ± 0,372 mm. Con-
trary to the A-mode measurement the distance was obtained 
from the posterior surface of the cornea to the lens surface [im-
age 8], hence the results were more accurate. Since the study 
was designed to assess the capabilities of new diagnostic meth-
ods,  the study group was relatively small (9 subjects), so the 

Image 8. Anterior chamber depth 
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authors did not observe narrowing the anterior chamber with 
age. UBM also for quantitative measurement of iridocorneal an-
gle, the structure that can be visually examined via gonioscopy 
exam. The gonioscopy is the gold standard for iridocorneal angle 
examination, however it is a qualitative method that requires 
patient cooperation. Using ultrasound the angle (θ1) was mea-
sured with the apex in the iris recess and the arms of the angle 
passing through a point on the trabecular meshwork 500 um 
from the scleral spur and the point on the iris perpendicularly 
opposite [image 9]. UBM can be used in evaluation of iridocorneal 
angle, especially when rubeosis iridis is observed. In this condi-
tion new pathological blood vessels are formed on the surface of 
the iris as well as in the filtration angle, causing block and spike 
in intraocular pressure [image 10]. Other pathology visualized by 
UBM is angle recession, the implication of ocular trauma [im-
age 11] [29]. Modern units operate at frequency of 50 MHz and 
obtain a resolution between 25 and 50 um, with tissue penetra-
tion 4-5 mm. Nowadays the technique is used for assessment of 
the iridocorneal angle, before a cataract surgery or when diag-
nosing nodules of the iris. When assessing the width of iridocor-
neal angle it is a golden standard for patients that do not coop-
erate during gonioscopy exam. Narrowing of the iridocorneal                  

Image 9. Iridocorneal angle (θ1) measurement made  
from ultrabiomicroscopy imaging, < - scleral spur 
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angle can cause angle closure glaucoma [image 12] Scleral spur 
position is used as a marking point because it is easily distin-
guished from iridocorneal angle’s anatomy repetitively. The eva-
luation of Zinn ligaments, the structures that hold the eye’s lens 
in position, is essential before cataract surgery among patients 
who experienced head trauma in the past [30,31, 32]. If the liga-
ments are elongated or torn, there is higher risk of lens luxation 

Image 10. Anterior synechiae — visual representation  
of blood vessels forming in iridotrabecular angle 

Image 11 Angle recession  - loss of continuity of ciliary body post-trauma 
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during the procedure (image 13, image 14). Patients with sub-
luxed lens require experienced surgeon or different implantation 
technique. UBM is useful also in differentiating solid from cystic 
lesions of the iris [30] 

In 1993 a very-high frequency (VHF) ultrasound was intro-
duced in corneal layers imaging. Corneal surface poses a chal-
lenge for the ultrasound imaging due to its curvature and super-
ficial location. Conventional A-scan imaging is made from 
rectified echo and as each echo contains peaks and null, the 
obtained image has a grained structure.  In contrary, the VHF 
uses deconvolved analytic signal (DAS) which is a representation 
of echo change over time, thus it produces image resolution of 
49 um, enabling it to visualize and measure the epithelial thick-
ness (image 15) [33] Modern VHF units allow to create corneal 
epithelial thickness map, particularly useful in post refractive 

Image 12. Narrowing of the iridocorneal angle in a provocative test in the dark,  
s-sclera, C - cornea, CB - cillary body, AC - anterior chamber, PC - posterior 

chamber. Arrows mark iridocorneal angle that narrows in dim lighting 

Image 13. Physiological position of the lens 

116 KAROLINA DEJA ET AL. 



Image 14. Lens subluxation 

Image 15. Corneal epithelial thickness measurement using VHF 
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surgery observation. In superficial refractive surgery a laser 
beam is used in order to remodel the surface of the cornea and 
achieve the emmetropia, meaning the state of vision in which 
a faraway object at infinity is in sharp focus with the eye lens 
in a neutral or relaxed state (image 16) [34]. Accurate laser depth 
allows for stable outcomes, however abnormal thickness or dis-
tribution of epithelial thickness might interfere with the refrac-
tion, so the assessment of epithelial thickness becomes a stan-
dard procedure preoperatively. Using arc-B VHF unit for corneal 
epithelial mapping and pachymetry creates accurate and repro-
ducible images [35]. When calculating ACD both UBM and VHF 
give similar results [36] 

In summary, although sonography is a relatively dated tech-
nique and despite the introduction of new optical methods, it is 
still valuable in everyday diagnosis. Among the advantages are 
a wide imaging field, unit’s mobility, real-time examination and 
a broad range of diagnostics that one can perform using only one 
unit. Despite having Optical Coherence Tomography (OCT), Com-
puted Tomography (CT) and Magnetic Resonance Imaging (MRI) 
only with ultrasound the central and peripheral retina can be 
examined when the visual pathway is obscured. The exam can 
be performed at the bedside, and is relatively safe for all patients, 
including pregnant women. Using different transducers allows 
for visualizing anterior and posterior segments of the eye. In 
the anterior part anterior chamber depth can be measured and 
iridocorneal angle assessed, especially when primary angle clo-

Image 16. Emmetropia, a state when light beams traveling  
from infinity through an eye focus on the surface of the retina 
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sure glaucoma is suspected. Sonogram is also used in diagnosing 
cancerous lesions of the iris and ciliary body. It is worth mention-
ing that it is the only technique allowing the examiner to visualize 
behind the iris. This region is unreachable for optic devices be-
cause laser beam cannot penetrate through the iris. When using 
a transducer for the posterior portion of the eye vitreous detach-
ment, retinal detachment and tears and choroidal tumors such 
as melanoma can be detected. Among the disadvantages there is 
lower resolution and operator dependency, meaning that the 
conclusion of the exam and the description can be made only 
after performing it, not just by looking at obtained images. 
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