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Abstract

Biofouling presents numerous challenges across various sectors, including aquaculture, agriculture,
infrastructure, and medicine. The development of anti-biofouling techniques remains a significant
challenge. In the water industry, biofouling on monitoring sensors substantially compromises the
accuracy of measurements by interfering with sensors measuring ability. Biofouling also significantly
increases the running costs by increasing the frequency of maintenance needed to keep sensors clean
and accurate. Consequently, anti-biofouling techniques are widely employed to clean in-situ optical
sensors, ensuring accurate measurements while minimizing overall system costs. The conventional
approach for preventing biofouling from in-situ sensors typically involves the application of coatings,
mechanical brushes, ultraviolet radiation, and ultrasonic waves, which possess distinct advantages and
disadvantages contingent upon their application. The challenges associated with protecting the small
windows of water quality sensors from biofouling over extended periods using current methods are
either expensive or adversely affect the integrity of monitoring data. This study introduces a low-cost
centimeter-scale high-frequency surface acoustic wave (SAW) device to protect the small windows of
in-situ water quality sensors continuously from biofouling, functioning as an auxiliary anti-biofouling
mechanism. The study found that this 16 MHz SAW device can mitigate the formation of biofilms by
adhesive diatom strains CS-1664, CS-1665, and by planktonic algae CS-327 by approximately 95-99 %
in comparison to control conditions, functioning effectively as an anti-biofouling tool for itself and
surrounding surfaces without adversely affecting aquatic organisms. The dimension and resonance
frequency (RF) of the SAW device are also capable of being fabricated according to the area requiring
cleaning. A miniaturized 16 MHz SAW device can sustain operation for prolonged periods up to a
couple of months without maintenance, at a low cost and power consumption, providing a new anti-
biofouling technology. This methodology aims to assist the Australian inland and coastal water quality
monitoring system by reducing maintenance costs while simultaneously enhancing the longevity of
sensors submerged in water for extended periods.

Keywords: anti-biofouling; algae; vibration; surface acoustic waves (SAWs); sensors; sound propagation
acoustic field; vibration

1. Introduction
Microbial and macrobial biomass attachment on devices is a universal phenomenon responsible

for biofouling where the accumulation and growth of these organisms causes a significant problem
for different industries [1,2]. Generally, microorganisms, such as bacteria, algae, and protozoa, create
a mucilaginous biofilm that negatively affects the functioning of equipment [3,4]. The biofilm layer
also causes issues for ships and boats, for example when the biofilm forms on the hull increasing
the hydrodynamic drag forces and thus increasing maintenance costs and fuel consumption [5,6]. In
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this study, we focus on inland and costal water monitoring systems, where biofouling is a significant
challenge for accurate water quality monitoring. In inland sensor systems, biofilms develop through
the sequential attachment of bacteria and algae that secrete extrapolymeric substances (EPC) or
mucilage that creates a habitat for the algae and forms a layer on submerged surfaces. Some examples
are shown in Figure 1 of a vessel and an optical sensor where thick biofilm are attached.

(a) (b) (c)

Figure 1. Examples of biofouling on submerged equipment depicted as: (a) the vessel hull image was adapted
from M. Legg [7]; and (b & c) after and before images of in-situ multiprobe water quality sensors after long-term
deployment in fresh water.

Microorganisms commonly adhere to and proliferate on solid surfaces submerged in water. On
submerged sensors, this unwanted biofilm hinders the accuracy of water quality assessments. The
primary objective of anti-biofouling research is to develop materials or equipment that are antifouling
while being environmentally low-impact, biocompatible, and sustainable i.e., without negatively
affecting the ecosystem. There are various chemical, biological, and physical methods available
to prevent biofouling [8,9]. A summary of some popular techniques, including their mechanisms,
applications, advantages, and disadvantages, is provided in Table 1. One of the methods of mitigating
biofouling involves applying a specific coating, often containing toxic substances to the surface,
thereby protecting it from microbial growth for a specific duration [10]. This represents a traditional
approach to safeguarding underwater devices from biofouling incidents. However, there are challenges
associated with this method, including potential toxicity and threats to aquatic life [5,11]. In the case
of the use of optical sensors, the extra layer of anti-biofouling coating can interfere with the optical
signals, ultimately affecting the results. Another common method involves the use of mechanical
brushes or wipers to physically clean optical windows by being positioned adjacent to the windows
and performing periodic cleaning. However, water measurements cannot be conducted while the
brushes are positioned in front of the window, and the system requires substantial power to maintain
cleanliness.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 March 2026 doi:10.20944/preprints202603.2400.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202603.2400.v1
http://creativecommons.org/licenses/by/4.0/


3 of 17

Table 1. Different methods of preventing biofouling on water quality sensors to extend sensor lifespan.

Methods Mechanism Advantages Disadvantages Applications References
Biocide-Releasing
Coatings

- Slowly release antimicrobial agents
to kill microbial growth
- Use complex compounds (e.g.,
copper, silver, Irgarol 1051, zinc
pyrithione, tributyltin (TBT), cop-
per)

- Long-term fouling control (6
months-3 years)
- Proven history
- Effective in marine settings
- TBT are generally successful over
time
- Adapted by ∼ 70% of the global
fleet (International Maritime Organi-
zation (IMO))

- Environmental risks due to leach-
ing toxic compounds
- Potential interference with sensor
readings
- TBT-based coating paints have been
banned since 2008

- Sensor windows
- Membranes
- Marine aplications

[5,11–17]

Anti-Adhesive Coat-
ings

- To prevent the initial biofilm forma-
tion on the surfaces.
- Various types of polymers uti-
lized, including super-hydrophobic
polymers, slippery liquid-infused
porous surfaces (SLIPS), protein
or glycoprotein-based coatings, hy-
drophilic polymers, and zwitterionic
polymers.

- Non-toxic
- Lower environment impacts than
biocide coatings
- No chemical residue

- Low stability
- Provoking an immune response in
some circumstance
- Not suitable for long-term applica-
tions (3 hours only)
- Not biodegradable
- High cost

- Biosensors
- Biomedical implements
- Food industries
- Ship Hulls

[18–25]

Mechanical Methods
(Wipers/ Brushes)

- Mechanical forces to eliminate
biofilm from surfaces
- Prevent biofouling establishment

- One of the most straightforward
methods
- No chemical residue
- Environmental friendly options
available

- Less effective for application with
sensitive equipment
- Can sometimes be rigid [11]
- Additional cost and higher power
demands

- In-situ optical and non-
optical water quality sensors

[26–30]

Ultrasonic Waves - Operate below 20 kHz to prevent
microorganisms
- Periodic emissions of high-power
ultrasonic waves

- Environmental friendly and non-
toxic
- Can mitigate excessive fuel con-
sumption if deployed on ship halls

- Potential high cost, (prices ranging
from €1,257.50 to 7,000)
- Less suitable for small surfaces,
such as a water quality sensor win-
dows due their small size

- Generally used for motor-
boats, sailboats, and various
surfaces
- Vessel hulls

[7,31–34]
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Each of the methods mentioned above offers specific advantages and limitations depending on
the application. Some commonly used anti-biofouling technologies are illustrated in Figure 2. In this
study, we focus on developing an anti-biofouling device designed specifically for the optical windows
of in-situ water quality sensors, with the goal of preventing biofouling on equipment in inland aquatic
environments over long periods. The objective is to lower total maintenance and operating costs while
maintaining the accuracy and reliability of water quality measurements.To address these challenges,
our approach uses a miniaturized, tunable, high-frequency surface acoustic wave (SAW) device as an
add-on component. This compact system effectively prevents and removes biofouling from the sensor
optical window without harming the surrounding ecosystem or interfering with data collection.

(a) (b)

(e)
(c) (d)
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Figure 2. Different methods for preventing biofouling on various surfaces are shown. (a) Static biocide -releasing
coating [35]. (b) Anti-adhesive hydrophobic hydrogel [36]. (c) Standalone and built-in anti-biofouling wiper [37]. (d)
The UV-C irradiated panel is designed to protect surfaces from anti-biofouling attacks [37]. (e) Ultrasonic waves-based
antibiofouling protection for ships. This image was adapted from the Electronic Fouling Control (EFC) website.

Surface acoustic wave (SAW) is a mechanical wave that propagates along piezoelectric substrates
through electromechanical coupling and have been widely exploited for applications such as particle
trapping, micro-centrifugation, and particle separation [38]. SAW-based platforms are most com-
monly associated with microfluidic manipulation and consequently have found significant utility
in point-of-care diagnostic systems [39,40]. In contrast to these established applications, the present
study investigates the use of 16 MHz SAW devices as an anti-biofouling mechanism for optical in
situ water-quality sensors. In the context of mitigating biofouling on optical surfaces, SAW-generated
acoustic radiation forces interact with microorganisms in a manner analogous to a mechanical sweep-
ing action, displacing and aggregating them away from the sensing region. Capitalizing on the compact
form factor, low mass, and tunable power consumption inherent to microelectromechanical systems
(MEMS), this approach offers a promising pathway for enhancing long-term deployment of in situ
water-quality monitoring systems by reducing fouling-induced maintenance requirements.

This work introduces a novel, tunable SAW-based approach capable of preventing biofouling accumu-
lation with low power consumption while operating as a fully contactless system that does not interfere with
water quality measurements. The study also investigates the ability of high-frequency SAW excitation to
disrupt early-stage biofilm development. The methodology focuses on the fabrication and characterization
of centimetre-scale, custom high-frequency SAW devices designed to inhibit microalgal settlement and
adhesion on optical surfaces, thereby suppressing the initiation and progression of biofilm formation.

2. Materials and Methods
2.1. SAW Device

A piezoelectric substrate has undergone a standard photolithography process and wet etching
to pattern inter-digital transducers (IDTs) onto its surface. The substrate utilized is a 0.5 mm-thick

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 March 2026 doi:10.20944/preprints202603.2400.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202603.2400.v1
http://creativecommons.org/licenses/by/4.0/


5 of 17

1280 YX-rotated single-crystal Lithium Niobate (LiNbO3), sourced from UniversityWafer Inc., USA.
A subsequent deposition of 5 nm of chromium and 200 nm of gold was performed as part of the
metallization procedures. Following the cleaning and dicing processes facilitated in a controlled
cleanroom environment, SAW devices were fabricated with dimensions of 25.65 mm x 6.35 mm x 0.5
mm, which includes delay lines and a 4.2 mm aperture containing 20 pairs of IDTs. The wavelength of
the device measures 234 µm, corresponding to a resonance frequency of 16.6 MHz, with a documented
SAW phase speed for LiNbO3 of 3950 m/s, as depicted in Figure 3 (a &, b) [41]. A Vector Network
Analyzer (VNA, Rigol, RSA3015N, 9 kHz- 1.5 GHz, Australia) was utilized to determine the device
resonance frequency (RF) via connection through an RF SMA cable. Figure 3 (b) illustrates one of the
SAW device’s resonance frequency, highlighting the specific frequency at 16.6 MHz for that device.

The mechanism of SAW production and the principle underlying the prevention of algal growth
on a submerged surface are illustrated in Figure 3(c). A 16 MHz SAW device, equipped with 20 pairs of
inter-digital transducer (IDT) arrays, produces a sinusoidal wave propagation at its excitation frequency as
a result of the substrate’s piezoelectric effect. The localized vibration generated by this device is referred to
as "Travelling Surface Acoustic Waves (TSAW)," which propagate across the surface of the SAW device.
This phenomenon offers a unique advantage for particle manipulation.The interplay of acoustic radiation
forces, acoustic streaming forces, and surface acoustic vibrations inhibits the attachment of algae and
bio-organisms to the surfaces [42]. During this process, the SAW transmits energy into the fluid flow,
generating forces that are manipulable over distance [43] and producing a net force that drives micro-
organisms away along the node and anti-node direction of the wave due to acoustic radiation forces,
effectively detaching the algae from the surfaces, as demonstrated in Figure 3 (c). Conversely, acoustic
streaming forces concentrate the algae outside the area of interest by introducing shear forces that hinder
the early development of biofilm on the surfaces. Lastly, acoustic vibrations physically agitate the algae,
reducing their ability to adhere to nearby surfaces, as shown in Figure 5 (c). The total acoustic force acting
on microorganisms, such as bacteria or algae, in proximity to a SAW-active surface is the cumulative effect
of acoustic radiation [44], streaming drag force [45], and vibration-induced inertial forces [46–48]:
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Figure 3. (a) A 16 MHz fabricated SAW device designed to prevent algae and other bio-organisms from adhering
to surfaces for anti-biofouling applications. (b) Resonant Frequency (RF) response of the SAW device, showing
a peak at 16.61 MHz as measured using a Vector Network Analyzer (VNA). (c) Schematic illustration of the
anti-biofouling mechanism, where the SAW device generates acoustic energy that repels algae and microorganisms
from the optical sensor surface. (d) Photograph of the customized printed circuit board (PCB) used to operate the
SAW device. (e) Electrical connection diagram for the 16 MHz SAW anti-biofouling setup.

2.2. Algae Preparation

All of the species were grown in WC+Si media at 20°C under a 12:12 light-dark cycle with 20
µMol photons m−2 s−1 at the Australian National Algae Culture Collection (ANACC). The strains
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were cultivated for 7 days before the experiment. For the experiments, the SAW devices were placed in
1 L glass aquarium tanks with 400 mL of WC+Si medium [49]. Glass slides were attached to the device
(Figure 5 (a)). Some slides had algae attached (Remove biofilm) while others had algae added once
the SAW device was activated (Prevention of biofouling growth). To conduct the adhesive diatoms
and planktonic (Removing biofilm), diatom cells were suspended by gentle agitation with a plastic
pipette, and 3 mL was placed in a petri dish containing the glass slides. The algae were allowed to
settle for different periods, and then a 16 MHz SAW device was added to each tank for “With SAW”
and “Without SAW" conditions. For the "preventing/protecting experiment with SAW,” a clean glass
slide was placed in the 3D printer holder, a SAW device was activated, and 3 mL of suspended algae
was released in the media above the glass slide surface via a plastic pipette. The 16 MHz SAW devices
were installed in the tanks after a specific period to prevent both the surrounding surfaces from algae
and biofilm attacks. The devices operated for extended periods, ranging from one week to several
months, to assess their sustained cleaning capability at high power levels [50].

The study investigated a range of inland freshwater microalgae with differing adhesion character-
istics and exposure durations to evaluate the effectiveness of a 16 MHz SAW device as a contactless
add-on anti-biofouling solution for in-situ water-quality sensor windows. Table 2 summaries the
experimental conditions across three treatments: “Control/Without SAW”, where no SAW device was
introduced; “With SAW (Prevention of biofilm growth)”, in which the SAW device was activated at the
start of the experiment to inhibit biofilm development; and “With SAW (Removing biofilm)”, where
biofilms were first allowed to form on glass slides before SAW activation to assess its biofilm-removal
capability. Three freshwater microalgae species were selected to evaluate both biofilm prevention
and removal: Raphidocellis subcapitata strain CS-327, a planktonic green algae, and two benthic diatom
strains, CS-1664 and CS-1665. The experiments were conducted over varying durations—from several
days to one month—depending on species behavior and biofilm maturity, enabling a comprehensive
assessment of SAW-driven biofouling management across different biological and temporal conditions.

Table 2. The summary of all experiments conducted on a 16 MHz SAW device used for anti-biofouling, testing
various diatom types and conditions, where "⃝" represents the experiment has been conducted and "X" shows
that the experiments has not been conducted. Different methods of preventing biofouling on water quality sensors
to extend sensor lifespan.

Experiment
No.

Type of algae Control/
"Without
SAW"

Prevention
of biofilm
growth
"With SAW"

Removing
biofilm
"With SAW"

Duration of
the experi-
ment

Experiment 1 CS-327 ⃝ X ⃝ 29 days
Experiment 2 CS-327 ⃝ ⃝ X 29 days
Experiment 3 CS-1664 ⃝ ⃝ X 22 hours
Experiment 4 CS-1664 ⃝ ⃝ ⃝ 22 hours
Experiment 5 CS-1664 ⃝ X ⃝ 22 hours
Experiment 6 CS-1665 ⃝ ⃝ ⃝ 22 hours
Experiment 7 CS-1664 + CS-

1665
⃝ X ⃝ 22 hours

2.3. Experimental Setup of SAW Device for Preventing Algae Biofilm Formation

To propagate the SAW vibration, a Rigol function generator (RIGOL, DG2102, 100 MHz, Australia)
was used to produce a radio-frequency (RF) signal at the SAW device’s frequency. This signal was
then sent to an amplifier (ZHL-5W-1+, Linear Amplifier, 5 MHz to 500 MHz, Mini-Circuits, USA) to
boost the SAW power before transmitting it through an RF SMA cable to the SAW device. A DC power
supply (TENMA, 72-2930, Element 14, Australia) provided 24V and 3A to power the amplifier. In
this setup, the operational signal was 120 Vpp from the generator at 70 ms( millisecond) duration,
operating at 16 MHz RF frequency during the experiment. The schematic diagram of the electrical
connections for the SAW anti-biofouling setup is shown in Figure 3 (e), illustrating the amplified
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voltage being transmitted from the signal generator to the amplifier. A customized PCB (Figure 3
(d)) was fabricated to enable automated switching between SAW-based anti-biofouling operation and
turbidity measurements within a predefined periodic cycle. To direct the SAW wave toward the algal
growth, a three-dimensional (3D) printed holder was fabricated to secure the SAW device and a glass
slide representing the window of an optical sensor, which was connected to the amplifier via an RF
SMA cable. The signal generator delivered a periodic power output with a 70-ms pulse occurring
within a one-second interval, and the device’s RF frequency was appropriately set to operate the SAW
device. The input voltage or power for a 16 MHz SAW device will vary with the amount of media, the
type of algae, and the surface area to be protected against biofouling.

3. Result and Discussion
SAW are widely utilized for manipulating microfluidics in numerous applications. In this study,

we explore a novel potential use of the 16 MHz SAW device for preventing biofouling development
on the surfaces of submerged water quality sensors, which has significant implications for the water
industry and water quality monitoring systems by significantly lowering maintenance costs and
improving the quality of water parameter measurements. The miniaturized 16 MHz SAW devices
have the potential to control the biofouling growth on small windows of in-situ optical sensors over
an extended duration, which will lower maintenance costs for these sensors and improve the water
quality monitoring system.

3.1. Experiment 1

The objective of this experiment was to evaluate the ability of SAWs to prevent algal growth
along a defined pathway at the bottom of glass tanks and to compare the results with control tanks
operated "Without SAW" excitation. In this study, cultured planktonic Raphidocelis subcapitata, CS-327
algae were introduced into 400 mL of a combination of tap water and algae media to facilitate algae
growth. The algae were allowed to settle in the media for one day prior to activating the 16 MHz
SAW device. A SAW device operating at a frequency of 16 MHz, with an amplitude of 120 Vpp and a
duty cycle of 70 ms, was employed to evaluate its capacity to inhibit the accumulation and growth
of algae and biofilm at the bottom of a glass tank measuring 15 x 11 x 13 cm. Over time, a distinct
cleaning path, indicated by the red dotted line detected from biofilm growth, became apparent in
Figure 4(a). The leaky waves generated by the SAW were observed to displace the algae away from
the vibrational region due to the active vibrational area and the progressive displacement of algae
and biofilm from the surface in a month, as illustrated in Figure 4. Conversely, the absence of SAW
comparison, depicted in Figure 4(b), resulted in increased algae growth within the tank, rendering the
media greener. The images in Figure 4 were captured using a standard RGB camera. The comparison
between the "With SAW" and "Without SAW" tanks demonstrates the effectiveness of SAW vibrational
activity in preventing and protecting against algae proliferation for a small window.
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Day 29Day 25Day 18Day 11

Day 2Day 1Day 0 Day 9

Control or “Without SAW”(a)

Day 29Day 25Day 18Day 11

Day 2Day 1Day 0 Day 9

Prevention of biofilm growth “With SAW”(b)

Figure 4. RGB images of algae tanks integrated with a 16 MHz SAW device illustrate the time-dependent inhibition
of biofilm formation. (a) The Control or “Without SAW” tank serves as a comparison, showing an almost uniform
distribution of algae everywhere, and the media appear light green because of the algae. (b) The tank of “With
SAW” shows displacement of algae or biofilm growth outside the active SAW vibrational area and the protected
area ( 3.8 cm2) outlined in red, indicating the region effectively shielded by acoustic irradiation. Following
approximately one day of algal cultivation, a 120 Vpp of electrical power of 70 ms duty cycle voltage was applied
to the SAW device from Day 1. Both tanks were monitored in a one-month period, demonstrating the potential of
SAW devices for long-term prevention of surface biofouling.

3.2. Experiment 2

This experiment was designed to incorporate an interchangeable glass slide to capture the
SAW-induced removal pathway and to elucidate the mechanism by which SAW propagation dislodges
algal cells from substrate surfaces. A standard microscope slide (75 mm X 25 mm X 1 mm) was utilized
to serve as the window of an optical sensor. Additionally, a 3D printed holder was printed using PETG
filament material, with dimensions of 88 mm X 35 mm X 49 mm. The optimal distance was determined
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to be 1.25 mm X 1.25 mm, based on considerations of glass sliding flexibility and the proximity of
the SAW device in relation to the glass slide, as illustrated in Figure 5(a), for achieving optimal SAW
vibration. The SAW device and glass slide are positioned perpendicular to each other at the edge to
show the prevention of biofouling growth on their surfaces via a 16 MHz SAW device. Figure 5(b)
illustrates a complete microscopic scan of the slide, taken with a 3D electronic microscope (Olympus,
LEXT OLS5100, Australia), highlighting the biofilm removal area in white of the long slide’s center. At
the same time, the edges still show algae and biofilm. This study was conducted using strain CS-327
present in the medium and was performed under the same experimental parameters as Experiment
1. This experiment demonstrates the extent to which the region is kept free from algae and biofilm
growth via SAW devices. The acoustic wave dislocates the micron-sized bio-organism due to its strong
acoustic forces and keeps the surrounding surfaces free of algal growth. Figure 5(c) shows how the
acoustic waves push algae away, preventing them from growing on the window surfaces of the in-situ
sensor. To better demonstrate how the 16 MHz SAW device produces these waves, we used a 6 µm red
polystyrene particle (PRoSciTech, Queensland, Australia). This particle size provides strong visual
contrast and helps illustrate how acoustic forces move particles, similar to the algae in our experiment.
The RGB image indicates that the mechanical waves push particles forward, keeping nearby surfaces
clear and causing algae to settle only outside the SAW vibration area.

(a)

(b) G
la

ss
 s

lid
e

(c)

SAW

Figure 5. (a) The holder design of containing a SAW anti-biofouling device and a glass slide representing the
optical window of an in-situ sensor. The distance of a SAW device from the glass slide was determined to be
1.25 mm X 1.25 mm to effectively use SAW vibration to prevent algae growth on the surfaces. (b) 3D electronic
microscopy bright-field image of the complete glass slide showing the area of biofilm removed due to SAW-based
acoustic vibration, and (c) Image of a traveling surface acoustic wave (SAW) propagating vertically, which serves
to displace the bio-organism from its active acoustic wave region. The pink arrows emphasize the propagation of
micron-sized pink polystyrene particles, which represent algae, providing a color contrast that depicts the wave
propagation toward the glass slide.

Quantitative measurement of algae adhesion was performed using bright-field and fluorescent
images. Images were captured with a PerkinElmer Operetta system equipped with a 10X LWD
objective in fluorescence mode, using filter excitation at 410-430 nm and emission at 650-760 nm. A
total of 893 fluorescence images per slide (arranged in a 47 x 19 grid) were analyzed with PerkinElmer
Harmony 4.1 software to identify algae, exclude debris, and count algae. Each pixel on the slide
indicates the level of algae presence in samples treated "With SAW" and "Without SAW" as shown
in Figure 6(a & b) with the SAW device positioned at the right handed of the slide. Green indicates
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fewer algae, while red shows more. The reduction and elimination of algae and biofilm growth due to
strong SAW vibration is evident in Figure 6(b), where algae counts decrease in the active vibration
zone. Conversely, the "Without SAW" slide shows higher algae counts across the entire surface. A
comparison of the middle rows of the "Without SAW" and "With SAW" slides in Figure 6(c) illustrates
the effectiveness of SAW in preventing and removing algae adhesion in that area. The "With SAW"
sample shows minimal algae adherence, attributable to strong SAW forces, with prevention rates
ranging from 95% to 99%.

(a)

(b)

(c)
Control or “Without SAW”

Prevention of biofilm growth “With SAW”

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47

1 142 147 167 185 176 188 192 221 260 329 309 297 316 270 288 315 290 292 241 248 328 300 307 288 304 341 311 323 329 386 441 506 558 581 716 666 501 519 970 712 903 682 630 697 621 734 694

2 172 168 209 283 325 351 420 382 344 305 326 203 231 429 392 293 298 298 316 214 289 415 418 406 387 303 313 256 302 268 301 327 404 388 467 388 412 513 573 1054 1442 659 982 557 795 857 841

3 268 335 393 361 367 349 355 345 297 291 248 367 481 397 305 267 279 241 358 318 263 238 397 331 445 413 399 324 321 293 323 317 349 384 278 275 322 410 569 635 1373 946 1119 840 1112 1199 1053

4 303 308 291 254 265 263 290 281 274 275 356 560 456 491 309 397 449 379 386 497 533 463 475 451 403 378 370 350 351 304 317 341 334 349 332 307 405 391 474 739 1381 1331 1107 885 1280 1526 1711

5 282 294 258 244 219 236 295 299 342 267 551 438 243 281 379 333 717 306 608 569 395 481 645 415 366 477 384 301 315 318 333 347 319 329 325 349 427 361 365 479 937 1074 866 1001 1192 1728 1981

6 269 321 291 259 247 268 273 244 266 283 626 445 236 332 292 329 390 372 497 437 385 401 406 406 428 420 326 324 313 387 337 334 273 285 328 350 295 336 369 344 517 963 934 874 1107 1718 2057

7 289 337 359 291 286 323 327 301 299 279 734 485 317 408 264 335 392 426 371 629 431 348 392 325 501 435 449 332 362 387 367 338 327 309 320 354 343 454 408 345 499 498 879 1044 1014 1644 2136

8 283 422 445 480 483 476 468 523 435 413 731 808 457 400 483 467 403 507 726 393 392 387 423 374 330 420 348 361 361 446 421 347 316 338 360 389 369 365 373 470 303 480 302 585 1031 1720 2685

9 214 269 373 422 496 601 591 676 655 697 867 998 608 568 507 484 582 580 438 329 454 413 493 424 380 391 372 416 345 360 387 388 329 351 289 310 354 436 335 399 380 369 325 299 411 882 1531

10 146 221 227 235 209 248 261 296 429 711 919 1217 1188 1075 891 762 601 487 542 594 767 1107 439 450 468 336 453 434 350 402 367 351 526 387 404 356 340 322 345 361 366 356 382 394 749 916 753

11 205 200 212 205 216 221 205 240 213 304 322 618 824 996 1399 1424 910 710 596 548 558 609 552 380 549 406 347 524 448 477 389 361 315 333 563 467 323 296 384 412 398 406 569 564 819 820 614

12 218 175 240 178 183 176 162 218 174 188 175 185 209 221 318 651 853 891 856 773 946 696 686 728 723 419 518 363 370 442 421 392 369 309 323 312 365 361 538 426 364 514 562 655 1113 818 897

13 184 196 192 195 206 167 182 166 213 195 194 203 215 189 236 240 316 415 374 725 641 642 471 878 594 455 314 334 325 465 337 363 372 327 550 710 534 504 599 515 385 440 503 791 965 884 968

14 132 163 212 183 200 181 214 155 203 195 158 237 228 190 302 244 241 237 291 386 444 477 449 489 549 583 279 306 344 317 383 322 694 388 439 599 702 598 515 499 547 439 510 718 892 991 986

15 134 152 166 183 177 159 190 194 192 205 237 214 190 265 250 258 236 240 187 204 180 232 277 214 407 437 347 546 274 351 394 347 318 383 412 329 960 727 414 644 1002 947 546 691 927 1006 981

16 151 150 164 173 180 165 166 196 222 222 237 213 216 231 244 244 283 257 159 146 131 134 140 199 201 192 392 263 232 389 309 265 337 263 389 233 217 607 394 647 576 504 602 667 1011 1027 1098

17 158 155 165 174 174 163 194 211 225 233 216 194 182 287 221 236 234 241 203 162 108 116 75 59 45 125 264 281 275 263 198 343 159 408 374 424 249 328 256 636 248 251 828 661 820 949 1013

18 162 182 149 185 192 169 175 276 253 225 213 261 214 215 211 205 191 266 244 306 255 176 138 156 90 39 144 209 248 163 407 271 269 246 204 279 150 201 286 300 235 351 234 613 592 878 793

19 195 219 192 200 190 223 268 265 237 245 242 322 228 237 221 229 197 255 233 276 260 210 226 213 186 179 154 244 175 176 287 268 272 137 154 100 116 81 177 130 47 152 139 533 410 671 247

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47

1 248 235 231 195 261 231 189 162 143 120 101 124 67 113 79 94 142 101 128 170 129 79 51 35 23 49 68 78 78 112 88 101 139 84 33 30 30 19 19 13 23 35 94 131 108 77 33

2 181 276 245 338 370 333 228 238 161 144 130 164 144 115 118 128 153 165 192 158 108 91 85 78 67 46 29 37 72 94 112 179 115 86 52 46 52 42 32 91 49 93 213 108 110 108 79

3 263 302 255 257 299 279 312 291 189 157 144 140 111 126 114 118 115 117 60 37 26 34 37 19 22 24 27 18 73 66 258 231 186 133 97 75 50 47 37 41 168 92 206 108 98 93 71

4 210 187 284 340 264 198 176 178 191 79 67 82 70 73 59 40 23 46 28 13 16 31 56 37 17 24 29 15 16 50 33 54 150 203 173 171 135 98 150 143 108 177 87 109 82 85 79

5 133 180 205 223 201 229 143 97 88 55 35 54 38 44 22 42 40 40 36 14 23 11 9 16 11 6 4 9 8 12 8 15 23 71 72 67 42 84 39 56 121 124 188 174 126 161 189

6 79 110 109 142 148 131 110 44 47 39 51 33 25 19 18 9 22 31 33 21 12 3 2 9 18 5 9 10 7 6 4 2 7 46 5 0 4 6 13 6 10 20 37 41 49 101 85

7 71 170 103 88 153 64 29 16 28 22 22 31 22 22 22 21 28 33 24 13 9 16 22 15 12 5 10 5 7 0 2 1 6 2 0 0 1 2 1 1 2 2 2 32 34 25 22

8 0 0 0 58 82 10 13 28 22 19 18 9 20 29 28 21 10 15 12 6 27 23 6 5 12 6 10 16 5 1 0 3 2 2 2 0 2 2 1 0 0 0 1 3 5 18 27

9 3 2 1 5 10 22 20 115 20 12 10 10 21 11 13 22 3 5 14 17 19 7 5 2 4 7 6 4 6 3 4 2 2 2 3 5 21 1 0 0 0 0 0 2 2 2 9

10 0 0 1 1 0 11 14 13 21 14 32 15 31 6 6 9 4 2 5 6 15 13 6 4 3 9 25 3 5 4 2 1 1 0 3 3 6 2 0 0 0 1 1 1 2 4 21

11 0 0 1 2 4 17 19 8 15 13 13 17 22 2 3 3 2 2 3 5 10 6 3 3 1 11 10 0 1 2 0 1 1 0 1 2 3 1 0 3 1 0 0 2 3 8 3

12 1 0 1 2 10 10 11 10 13 26 21 17 8 2 14 8 10 5 12 5 10 4 4 1 0 1 0 3 2 1 1 0 1 1 0 0 3 0 2 1 0 0 0 6 10 9 0

13 66 11 8 6 27 5 12 22 37 98 49 55 32 29 53 66 49 61 26 15 12 10 3 1 1 2 1 0 0 1 2 1 0 0 0 2 0 0 0 0 0 0 1 3 4 1 1

14 48 91 78 68 76 121 43 43 51 153 155 73 57 45 39 52 36 35 22 13 12 11 22 28 43 9 10 4 4 4 2 5 0 1 3 0 1 0 0 0 0 0 1 0 0 0 1

15 86 78 65 111 98 88 65 74 75 78 50 46 45 31 20 40 71 53 22 27 19 29 28 52 108 75 66 50 24 14 21 14 11 13 17 9 12 11 9 6 3 3 4 3 3 6 6

16 71 57 39 69 43 52 58 62 55 31 22 37 26 30 36 25 31 32 38 48 78 99 121 129 175 183 143 169 174 208 121 92 60 38 27 35 25 21 27 27 32 24 16 12 16 16 10

17 26 22 36 25 18 20 15 16 16 31 22 28 32 23 15 19 24 32 35 31 46 50 59 37 59 97 122 147 148 213 245 225 195 186 178 161 127 96 75 94 66 58 36 36 79 99 39

18 7 29 11 19 13 6 11 9 17 13 10 15 19 17 17 15 17 26 29 26 36 34 28 37 37 28 33 42 51 52 60 79 123 151 300 178 214 169 219 256 215 180 147 113 130 116 166

19 13 14 12 16 18 14 33 16 24 26 22 8 21 15 16 7 15 19 24 16 14 21 20 19 16 21 49 23 26 39 28 20 22 39 33 67 51 81 73 50 35 37 18 42 32 19 22
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Figure 6. (a) The quantitative image of the glass slide "Without SAW" illustrates biofilm formation on its surfaces
and the number of algae in each cell of the glass slide, while (b) depicts the glass slide treated "With SAW" to
inhibit biofouling growth on its active SAW vibration area. The comparison of algal numbers across each section
of the slide demonstrates the effectiveness of SAW vibrations in preventing and removing biofilm accumulation
in front of a water quality sensor’s window when submerged over time. (c) Compares the middle row of glass
slides labeled "With SAW" (△) and "Without SAW" (⃝) to highlight the amount of prevention and removal of
algae growth influenced by SAW vibration.

3.3. Experiment 3

A different type of algae, distinguished by its adhesiveness, was tested for this application. In this
section, an adhesive diatom from inland waters (CS-1664) was examined to evaluate the prevention
capabilities of the SAW as an anti-biofouling device. Figure 7 illustrates the surfaces labeled "With
SAW" and "Without SAW," highlighting the effectiveness of SAW acoustic waves in inhibiting diatom
and biofilm growth in proximity to the activated area. The 2X bright-field and 10X fluorescent
images reveal the algae morphology, which is rod-shaped and adheres to the glass slides in both
"Without SAW" and "With SAW". The magnified fluorescent (10X) images of both treatment conditions
demonstrate the prevention of adhesive algae growth on the surfaces, attributed to a 120 Vpp voltage
at the device’s resonance frequency, which operated at a 70 ms of duty cycle for 22 hours to keep the
surfaces clean. A full glass slide labeled "With SAW" in the third column illustrates the amount of
algae and biofilm in the area of interest, which could be any water-quality sensor’s window. This
SAW device can assist underwater water-quality sensors in maintaining a clean window. Therefore,
in future, we aim to attach this SAW device next to a window of an optical turbidity sensor (NTU,
model-0001, In-situ Mare Optics, Australia), whose window diameter is 15 mm, to prevent it from
algae and biofilm growth.
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Figure 7. Microscopic images of glass slides labeled “Without SAW” and “With SAW” showing the presence and
distribution of diatom CS-1664 algae. The first column presents 2X bright-field and 10X fluorescent images from
the “Without SAW” slide, highlighting significant algal attachment in the absence of anti-biofouling treatment. In
contrast, the second column displays images from the “With SAW” slide, demonstrating a notable reduction in
biofouling due to the SAW device. The third column further illustrates the spatial variation in algal distribution
across different regions of the “With SAW” slide, with the central red area showing the greatest anti-biofouling
effect, attributed to strong acoustic vibrations. Quantitative analysis reveals approximately 127 algae within a
200 µm region on the “Without SAW” slide, while the “With SAW” slide contains only 2 algae in the same area.
The magnified fluorescent images (10X) were captured within the defined area of interest, which corresponds to
dimensions relevant to certain optical water-quality sensors. For this specific study, we considered the window of
an optical turbidity sensor, and the window diameter is 15 mm.

3.4. Experiment 4

To further evaluate the influence of the acoustic field effects algal growth, an imaging Pulse
Amplitude Modulation fluorometry (iPAM; Walz Imaging PAM, IMAG-MAX/L, Heinz Walz GmbH,
91090 Effeltrich, Germany) was used to assess algal viability by quantifying photosynthetic activity.
Glass slides were exposed to a 120 Vpp SAW input with a 70 ms duty cycle for 22 hours, then
transferred to a petri dish containing fresh media for imaging. Figure 8 presents the viability of algae
under three conditions: Control or "Without SAW", Prevention biofilm "With SAW" and Removing
biofilm "With SAW". Viable algae appear bright due to active photosynthesis, whereas dead, damaged,
or absent algae appear dark or black color in the images. In the prevention biofilm growth "With SAW"
slide, the central region of the slide shows minimal algal presence, while the Control or "Without SAW"
and Removing biofilm "With SAW" slides display a greater abundance of algae. The Removing biofilm
"With SAW" slide shows a little biofilm disruption, particularly near the top of the slide. Together,
these comparisons illustrate the differential effects of SAW activation on algal attachment and biofilm
integrity. When interpreted alongside Figure 7, the results indicate that the 16 MHz SAW devices
primarily displace algae and biofilm from the surface without compromising algal viability.
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Figure 8. The viability and persistence of the diatom strain CS-1664 were assessed using an iPAM. The color
gradient from orange to black reflects the relative abundance of viable algae on the slides, with brighter coloration
indicating higher biomass. The slide labeled “With SAW” exhibits the lowest algal presence, demonstrating that
16 MHz SAW activation effectively dislodges algae through mechanical vibration. In contrast, the Control or
“Without SAW” slide shows the highest density of viable algae in bright orange color. The Removing biofilm
"With SAW” slide highlights potential biofilm removal occurring at the top region of the glass slide under the
same SAW parameters. The black circle in the Prevention biofilm growth “With SAW” image marks the iPAM
imaging focal point, and the green dotted lines denote the boundaries of the glass slides

3.5. Experiment 5

In Figure 9, we additionally examined the potential for cleaning biofilm induced by algae and
other microorganisms. The thick biofilm developed over a span of four days under algal growth,
while maintaining temperature and light condition, inside a controlled temperature chamber within
the Australian National Algae Culture Collection (ANACC) PC2/BC2 laboratory. Afterwards, the
thick biofilm-containing glass slides were carefully placed onto the 3D glass holder in 400 mL of
media. A 16 MHz SAW device was positioned vertically adjacent to a glass slide, as illustrated in
Figure 5(a), operating at 120 Vpp voltage at the respective device RF frequency, and a 70 ms duty
cycle for a duration of 22 hours to the glass slides to facilitate the biofilm removal process. The 2X
bright-field and 10X fluorescent images demonstrate the potential for biofilm removal from the glass
slide. The bright-field images distinctly illustrate the impact of the SAW device, dislodging the biofilm
that was present at the commencement of the experiment, with some preventing action occurring at
the midpoint of the slide. A smaller effect is observed at the edges and other parts of the glass slide,
presumably due to the distance from the SAW vibration and the strong adhesion of the biofilm. We
assume that extending the duration of this experiment may enhance the capability of the SAW device
to eliminate the biofilm from the glass slide, with the required time for removal varying according to
the thickness of the biofilm.
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Figure 9. Microscopic images of Removing biofilm "With SAW" slide—bright-field of diatom CS-1665 at 2X at
the top and fluorescence at 10X at the bottom—show different regions of the slides treated "With SAW". The
bright-field images taken at 5 mm and 25 mm from the SAW device clearly illustrate the algae removal due to
the SAW vibration, with a noticeable reduction in biofilm density near the active vibration zone. In contrast, less
impact is observed at greater distances, such as 65 mm from the device. To be noted, a black shadow from the SAW
device appears in the first bright-field image because it was positioned next to the glass slide. The fluorescence
images (10X) display the rod-shaped algae and their quantity after 22 hours of treatment at same parameters that
described earlier.

The observations described above were extended to another adhesive diatom species, CS-1665, to
evaluate both biofilm prevention and the removal of mature biofilm, as presented in Figure S1. The
experimental conditions remained consistent with previous trials, and the results clearly demonstrate
the effectiveness of the 16 MHz SAW device in both preventing biofouling and removing established
biofilm, without adversely impacting algal viability on the glass surfaces. Additionally, Figure S2
illustrates the use of a mixed culture of two adhesive diatoms, CS-1664 and CS-1665, to further elucidate
the influence of SAW-induced vibrations on the removal of dense biofilms.

The experimental results obtained from the study suggest that the 16 MHz SAW device will serve
as a promising candidate to shield in situ water quality sensors from underwater biofouling attacks
for an extended duration, thereby potentially reducing the overall maintenance costs associated with
the maintenance of total water quality monitoring systems. Additionally, this miniature device can be
employed in various environments, including marine applications. Furthermore, its compact design
and miniature size facilitate seamless integration with other water quality sensors, protecting them
from biofilm development while ensuring that measurement integrity remains uncompromised.

The miniaturized 16 MHz SAW device can be positioned adjacent to an in-situ sensor’s optical
window to provide periodic cleaning using lower power than commercially available mechanical
brush systems. Because the device operates as a contactless add-on, it eliminates the risk of scratching
or interfering with the sensor window—an issue commonly associated with mechanical cleaning
mechanisms and noted as a challenge for small in-situ sensors (as described in Table 1). Consequently,
the integration of this device offers a practical solution to these limitations and has the potential to
further reduce the total cost of operating long-term water quality monitoring networks.

4. Conclusions
To enhance and reduce the cost of the water quality monitoring system in Australia, we have

developed a surface acoustic wave (SAW)-based anti-biofouling add-on device. This device is capable
of working to prevent algae and biofilm growth on the windows of in-situ optical water quality sensors,
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which reduces the total operational cost of the monitoring system. This device utilizes a combination
of acoustic radiation force, centrifugal forces, and SAW physical vibration generated from 16 MHz
SAW devices to displace algae, thereby restricting their growth in designated areas without interfering
with the growth of microorganisms in the waterbodies.

Across 7 experiments, we demonstrated the effectiveness of a 16 MHz SAW device in preventing
biofouling growth on surfaces, as shown in the images and figures presented in the Results and
Discussion sections. This study examined different types of distinct algae: a planktonic Raphidocelis
subcapitata CS-327 and two adhesive diatom strains, CS-1665, and CS-1664. The vertical propagation of
SAW vibrations displaced the algae due to their acoustic radiation forces and SAW vibrations. It also
contributed to the accumulation of algae outside the designated area of interest, shown in Experiment
1. As a result of the combination of acoustic forces, the 16 MHz SAW device was able to prevent
algae growth ranging from 95% to 99% across various types of media, shown in Experiments 2 & 3.
We also examined the effect of high-frequency SAW mechanical vibration on algae viability using
the iPAM facility. The distribution of live and dead diatoms observed in Figure 8 after 22 hours of
periodic SAW excitation confirms that SAW vibrations do not inhibit algal growth. Instead, as shown
in experiment 1, they help displace the algae, preventing biofilm formation on specific areas of surfaces.
Furthermore, this study highlights the potential for biofilm removal when needed. By altering the
power settings of the SAW device, the rate of surface cleaning can also be controlled. Experiments
6 and 7 in the supplementary information also demonstrated the effectiveness of preventing and
removing biofilm growth on CS-1665 diatom. This compact system can effectively prevent and remove
biofouling from the sensor optical window without harming the surrounding ecosystem or interfering
with data collection.

The 16 MHz SAW device has the potential to be employed for a variety of applications. They can
be fabricated according to the specific area that requires the prevention or removal of algae and biofilm,
which represents the principal advantage of these miniaturized devices. The subsequent phase of
this project will involve integrating the miniaturized SAW device with commercially available in-situ
water quality sensors to safeguard them against biofouling attacks and to enhance the longevity of
the sensors without compromising the measurement accuracy. The future trajectory of this research
can be applied to the maintenance of submerged sensors in diverse environments, including marine
and coastal water bodies. Due to its compact size and low power consumption, this device can also
be modified to ensure the cleanliness of other in-situ optical water quality sensors. Another future
direction involves embedding the device directly into underwater in-situ sensor housings, although
this will require substantial engineering development. Key challenges include ensuring effective
placement of the SAW device so that it prevents biofouling while avoiding interference with sensor
measurements.

One limitation of this study is the relatively small area protected from biofilm growth, which may
restrict its applicability to larger-scale or industrial settings. However, this limitation could potentially
be addressed by tuning the resonance frequency of the ultrasonic device to expand the effective
coverage area. The primary aim of this research was to demonstrate localized biofilm prevention and
the feasibility of removing mature biofilms from the windows for the in-situ water quality sensors
to reduce total maintenance cost. Future studies could explore strategies to adapt and scale the
approach for real-world applications. Additionally, the power requirement for operating the device,
especially for a miniaturized system—may present a challenge. Optimizing the power efficiency while
maintaining anti-biofouling performance is an important avenue for further investigation.

Supplementary Materials: The following supporting information can be downloaded at the website of this paper
posted on Preprints.org.
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