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Abstract: Monitoring and evaluating the biofouling status of a ship’s hull and its effects on the
vessel’s performance attracts the attention of both researchers and industry. In this study, two
types of monitoring equipment were used to observe organism growth on two fishing vessels for
approximately six months. Combining underwater photography technology with periodic cleaning
methods can effectively prevent the occurrence of problems including hull biofouling. The monitoring
system developed in this study is cheap and easy to operate, and can be stored on board and regularly
operated by the crew to eliminate various issues below the waterline, which in turn enhances
sustainable shipping.
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1. Introduction
1.1. Preventing Biofouling on Ships

Biofouling on ships can significantly increase friction loss during navigation, which in
turn increases fuel consumption, causing economic losses and environmental damage [1,2].
As the ship sails, various marine organisms gradually attach themselves to the surface
of the ship’s propeller, hull, and rudder. When certain conditions are met, they begin to
multiply, forming a large biofouling system and increasing the roughness of the surface [3].
Action to minimize biofouling is best taken when a biofilm forms on the hull. Compared
with various well-developed antifouling approaches, cleaning at an early stage is easier
and does not harm the hull surface. However, the condition of the immersed hull surface
cannot be easily observed, and the seriousness of biofouling is usually ignored until dry
docking [4].

There are more than 4000 fouling organisms in the world’s oceans, ranging from
microorganisms such as bacteria, diatoms, and algal spores to large fouling organisms
such as barnacles, tubeworms, bryozoans, mussels, and algae [4]. Biofouling begins with
a biofilm containing microorganisms and continues to develop into a diverse biofouling
community under the right environmental conditions [5].

Krapp and Vranakis (2013) compared the power output of 32 ships and found that the
output after 60 months was 36% higher than the output immediately after dry docking [6].
Farkas et al. studied a 13,000 TEU container ship and found its resistance increased by
approximately 9.2% over 1.5 years [7]. Under some sailing conditions, severe macrofouling
can raise the required propulsion power by 86% [8]. Based upon the results of a study
regarding container ships, a 93% increase in ship drag was observed due to barnacle
fouling [9].

Another study found that biofilm caused a 36.3% increase in propulsion power [10].
Over time, hull and propeller performance deteriorates, mainly due to biofouling and
mechanical damage [10], resulting in reduced speed and maneuverability. This requires
more propulsion power to operate the vessel, increasing fuel consumption and greenhouse
gas emissions [11–13].
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The issue of atmospheric emissions from ships has long been a concern of the Interna-
tional Maritime Organization (IMO). Various technologies and strategies that have been
developed can effectively improve energy efficiency and reduce emissions, and in turn
contribute to the global fight against climate change [4]. The various strategies for reducing
emissions from marine shipping can be categorized into technical, operational, and market
mechanisms [4]. The technical strategies mostly reduce the energy consumption of ships
using various possible designs [5]. In terms of operational strategies, one set of systems
aims to improve the efficiency of the ship’s propulsion system, while the other seeks to
reduce frictional loss due to resistance [6]. The reduction of resistance can be achieved by
optimizing the main dimensions of the ship and minimizing the roughness of the hull [6].

1.2. Other Issues Regarding Biofouling

Vessel biofouling is recognized as the main pathway for the introduction of foreign
marine species. According to BBC News on 2 January 2023, the Viking Orion cruise ship
was denied permission to dock in Adelaide, Australia, after the authorities discovered
biofouling on its hull [14]. The Ministry for Primary Industries, New Zealand, completed
a risk analysis indicating that biofouling species were likely to impact on environmental,
economic, and societal values. To prevent the entry of biofouling in the first instance, New
Zealand requires vessels entering the country to have a ‘clean hull’ [15].

Ships have been recognized as the major actor of global non-indigenous species
dispersal [9] through pathways, e.g., ballast water to new ecosystems [10]. If the continued
transfer of invasive species is left unrestricted, it will lead to catastrophic environmental
damage [8]. Many studies have shown that invasive species can be transferred from one
region to another by attaching them to the hulls of ships engaged in global trade [6–8].
In addition, antifouling paint renewal during dry docking can also cause environmental
problems. The waste discharged into water and air includes blasting residue and dust
containing various pollutants [16].

There are various types of antifouling technologies, based mainly on mechanical,
physical, and chemical principles. Biofouling can be mitigated by repainting during dry-
docking [16]. High-pressure abrasives are applied to remove the biofouling, followed
by painting [16,17]. Underwater cleaning has been used to treat ship surfaces during
mooring [18–20]. However, a number of countries and regions prohibit the procedure in
their jurisdictional waters [21,22]. More recently, an en route hydro-blasting method was
designed to interrupt the development of a fouling system before an excessive biofilm
buildup [23].

Organic tin paints have been applied as an effective approach for decades [24,25].
Although effective, there are concerns regarding the release of active compounds into the
environment [20,26]. Eelectrochemical technologies have also been used to inhibit biofilm
colonization [27]. Additionally, self-polishing coatings are characterized by a high release
rate followed by a constant rate [26–28].

1.3. Preventing Biofouling by Monitoring

Underwater monitoring is considered as an indispensable technology to determine the
location, composition, and growth of biofilm, to allow the carrying out of simple cleaning in
a timely manner [29]. In line with the issues raised in the foregoing discussion, this enables
the hull to be cleaned immediately when the biofilm forms to effectively prevent biofouling.

Biological parameters such as adenosine triphosphate content indicate the most im-
portant energy-transferring component of all living cells [30]. Assimilable organic carbon,
which promotes microbial growth and biofilm formation rate [31], is used to assess the
ability to cause biofouling. However, these parameters are not suitable for the immediate
observation of biofouling, as they cannot be directly assessed without sampling [32]. Ul-
trasonic time domain reflectometry has been used to monitor early biofilms that develop
on polymer surfaces [29,30]. Membrane fouling simulator devices can be integrated with
other precision monitoring equipment [32]. Although various monitoring biofouling tech-
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niques can provide useful information in the early stages of biofilm formation, to date their
potential in developing and optimizing effective antifouling strategies for ship operators is
limited [33].

In improving the effectiveness of underwater assessment of ships’ hulls and solving the
problem of biofouling, underwater robot technology has an application value [32,33]. Un-
manned underwater vehicles are subdivided into remotely operated vehicles (ROVs) [32],
autonomous underwater vehicles (AUVs) [33], and towed vehicles [34]. With the develop-
ment of electronic and computer technology, AUVs have gradually replaced ROVs as the
mainstream of underwater robot technology [32]. However, the reliability and stability of
AUV technology still needs to be tested [33], and its costs are much higher than those of
ordinary ROVs in terms of technology or vehicle acquisition [34].

1.4. Objective of Study

The overall objective of this study is to observe the growth of hull organisms through
monitoring methods, so as to use them as a basis for selecting the most appropriate anti-
fouling countermeasures. Specifically, this study aims to identify the most suitable condi-
tions for observing hull organisms. These conditions include available equipment, relevant
parameters, timing and frequency, and a complete set of standard systems. Through this
study, we aim to ensure that accurate monitoring of the biological development situation
can be combined with hull-cleaning technology to help improve energy efficiency and
reduce emissions from ships effectively.

2. Methods and Procedure

This study aims to establish a feasible technical procedure for the underwater photog-
raphy of biofouling on ships’ hulls. The biofouling images and measuring data of fishing
vessels were obtained in the Shenao Fishing Harbor in New Taipei, Taiwan. Two profes-
sional underwater cameras with different specifications were used to obtain underwater
images at different shooting distances. We conducted three experiments in fishing harbors
between November 2021 and April 2022. We conducted an image comparison to analyze
the resolution under various shooting parameters and distances. The results obtained were
then used to monitor the hull biofouling of two fishing vessels in the port. The images of
hull biofouling before and after hull cleaning were analyzed and compared.

2.1. Experiment System

The equipment used for the experiment in this study included two camera robots,
Chasing Dory (as shown in Figure 1) and Chasing M2 (as shown in Figure 2), to capture
underwater images, and a digital lux meter to observe illuminance. Table 1 shows the
specification of the equipment.
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Table 1. Specification of monitoring equipment.

Robot Chasing Dory Chasing M2

Size, mm 247 × 188 × 92 380 × 267 × 165

Weight, kg 1.1 4.5

Maximum depth, m 15 100

Maximum speed, knot 1.5 3

Camera lens F/1.6 F/1.8

Camera focus, mm 4 1

ISO range 100–3200 100–6400

FOV 100◦ 152◦

Max. resolution 2 M 12 M

IMU 3-axis gyroscope,
accelerator, compass

3-axis gyroscope,
accelerator, compass

Depth transmitter ≤±0.5 m ≤±0.25 m

Temperature transmitter ≤±2 ◦C ≤±2 ◦C

2.1.1. Chasing Dory

Chasing Dory is a small underwater drone with five thrusters for real-time observation,
exploration, photography, and video capture. The drone can move vertically up and down,
tilt ±45◦, and dive up to 50 m, and is equipped with high-resolution photography lenses.
Due to its small size, it can be carried in a backpack with a Wi-Fi buoy and a strap. The
internal 4800 mAh battery allows up to approximately one hour of exploration with a full
charge. It can be controlled by a smartphone or a standalone remote controller.
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2.1.2. Chasing M2

Chasing M2 (Figure 2) adopts an 8-thruster full-vector layout, and has 360-degree
all-round movement. The maximum speed is 3 knots, the maximum depth is 100 m, and
the maximum radius is 200 m. It has a built-in 4K/12-megapixel EIS shockproof camera,
4000 lumens LED light, removable/replaceable battery, pluggable Micro SD memory card,
aluminum alloy body (weighing less than 4.5 kg), and optional motorized winder.

2.1.3. Observation Illuminance

To maintain illuminance as consistently as possible during monitoring in the field,
we established the relationship between water depth and illuminance in the laboratory.
A digital lux meter (KONQOR Lux II) was used to measure illuminance as a function of
water depth. Table 2 lists the specifications of the lux meter. We took images of an eye
chart attached underwater, as shown in Figure 3, with two underwater cameras in optimal
daylight conditions, tested at five different distance ranges.

Table 2. Specifications of the lux meter used in this study.

Size, mm 56 × 36 × 195

Weight, g 270

Range of measurement, Lux 0–200,000

Temperature range of measuring, ◦C −9.9–49.9

Working temperature, ◦C 0–40
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We established the relationship between illuminance and water depth of 0.6 M, 1 M,
1.5 M, 2 M, 2.5 M and 3 M. When taking images at different water depths, we adjusted
artificial lights in a timely manner so that the observation and analysis of the final image
was not affected by the ambient light conditions.

2.2. Study Fishing Harbor and Fishing Vessels
2.2.1. Shenao Harbor

The mooring locations of the fishing vessels monitored in this study are shown in
Figure 4. The vessels do not have a specific location; all are moored within a fixed range.
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2.2.2. Monitoring Vessels

This study monitored two fishing vessels. The first vessel under test was a commercial
fishing vessel with a total tonnage of 9.96 tons, a total length of 14.73 m, and a full draft of
1.2 m. The second tested vessel was a recreational fishing vessel with a total tonnage of
8.29 tons, a total length of 11.98 m, and a maximum speed of 10 knots. Other specifications
of the vessels are shown in Table 3.

Table 3. Specification of study vessels.

Vessel Vessel #1 Vessel #2

Gross tonnage 9.96 8.29

Net tonnage 2.99 2.49

Length overall, m 14.73 11.95

Breadth midship, m 3.23 3.12

Depth midship, m 1.41 0.9

Maximum draft, m 1.2 0.5

Fuel capacity, l 1600 1400

Rate speed, knots 11 10

During the monitoring study, even if the current in the fishing port was low, we
conducted the experiments without affecting other fishing boats. Figure 5 shows an
underwater robot ready to take images in the water, along the port side of the hull.
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3. Results
3.1. Optimal Distance Measurement

Table 4 shows the experimental images of Chasing Dory and Chasing M2. The resolu-
tion of the two underwater cameras is compared based on the image data. According to
the five distance images, it was observed that the image resolution of the M2 model was
significantly clearer than that of the Dory model. It presents better images for observing the
biofouling of the ship’s hull underwater, which facilitates the monitoring. This indicates
that the M2 model was superior to the Chasing Dory model in terms of image resolution.

Table 4. Comparison of optimal measuring distances.

Chasing Dory Chasing M2

Distance Daylight Only Supplementary
Light Daylight Only Supplementary

Light

10 cm
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Based on the results, we decided to use the image data from the M2 model as the basis
for analyzing the most suitable observation distance for the next experiment. Experimental
data from the M2 model shows that, at 10 cm, the distance between the lens and the
observation paper is too close, resulting in confinement and blurring of the image. When
we increased the distances to 30, 40, and 50 cm, the difficulty of observation increased. At
20 cm, the lens and the observation paper were in focus, the minimum pattern size was
moderate, and the content of the picture could also be clearly observed. We thus decided to
use 20 cm as the optimal distance for observing underwater biological fouling.

3.2. Comparison of Monitoring Functions

There are two major functional requirements when using an underwater camera in a
marine environment with variable weather and currents to observe biofouling effectively.
The first is to be able to adjust to any angle underwater flexibly, and the second is to be able
to operate it easily, without having to spend extra time on professional courses.

In terms of lenses, according to the lens specifications of the two models, the lens set
of the M2 model is more advanced than that of the Dory model, and the pictures taken
underwater are clearer. As for the weight, both models weigh no more than 5 kg, and the
Dory model weighs only 1.1 kg, making it much easier to carry out periodic inspections. In
terms of control, the Dory model can move only along the Y and Z axes, compared with
the M2 model, which can conduct observations over a wider range of movement.
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Various factors may degrade the quality of monitoring. For example, if there is debris
on the surface of the harbor water, this results in lower illumination in deeper water. In
addition, since the refractive properties of water change with salinity, temperature, and so
on, the transmittance becomes very low when various discharges from shore are mixed with
harbor water, resulting in stratification (thermocline) and a decrease in light transmission.

3.3. Optimal Shooting Parameters
3.3.1. Relationship between Illuminance and Depth

Figure 6 shows the relationship between illuminance in Lux and water depth in meters
we established in the laboratory. The water temperature was 19.6 ± 0.2 ◦C during the
experiment. Based on the results of the study, we found that at an underwater boundary of
1.5 m, there were obvious illuminance changes. We speculate that the suspended particles
in the water and the thermocline are the major factors affecting underwater illumination.
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3.3.2. Underwater Image

In this study, the fishing vessels under test were monitored on the port side (bow,
amidships, stern, and thruster), at the optimal observation distance, i.e., 20 cm from the lens to
the hull. Figure 7 shows the growth of underwater biofouling on the hull of Vessel #1. Fishing
nets strangling the propeller are observed in the image. The issue can lead to a significant
reduction in the propulsion output of the vessel, and an increase in fuel consumption.

Sustainability 2023, 15, x FOR PEER REVIEW 9 of 15 
 

3.3.2. Underwater Image 
In this study, the fishing vessels under test were monitored on the port side (bow, 

amidships, stern, and thruster), at the optimal observation distance, i.e., 20 cm from the 
lens to the hull. Figure 7 shows the growth of underwater biofouling on the hull of Vessel 
#1. Fishing nets strangling the propeller are observed in the image. The issue can lead to 
a significant reduction in the propulsion output of the vessel, and an increase in fuel con-
sumption. 

Depth 
Position 0.3 m 0.8 m 

Bow 

  

Amidships 

  

Stern 

  

Propeller 

  

Figure 7. Underwater images of study fishing vessel. 

3.3.3. Before and after Cleaning 
Figure 8 shows the growth of underwater biofouling on the hull of Vessel #2. On the 

left is an image of the hull that has not yet been cleaned. In the middle, the hull image was 
taken approximately one month after the hull was cleaned. On the right, the second hull 
image was taken approximately two months after the hull was cleaned. 

  

Figure 7. Underwater images of study fishing vessel.



Sustainability 2023, 15, 6260 9 of 13

3.3.3. Before and after Cleaning

Figure 8 shows the growth of underwater biofouling on the hull of Vessel #2. On the
left is an image of the hull that has not yet been cleaned. In the middle, the hull image was
taken approximately one month after the hull was cleaned. On the right, the second hull
image was taken approximately two months after the hull was cleaned.
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Figure 8. Images before and after cleaning.

One month after hull cleaning, according to the sailing records of the fishing vessels
provided by the captain, a total of three voyages were made to the vicinity of Keelung Islet.
The vessels were docked at the Shenao Fishing Port for the rest of the time. During this
period, no obvious biofouling attachments were observed on the surface of the underwater
hull. However, based upon the development process of the biological system, it can still be
inferred that the adhering microfouling is developing into biofilms.

Figure 9 demonstrates that the fouling organisms can be clearly observed two months
after the hull was cleaned. Attached seagrass and algae have developed on the major
surface area of the hull. This can significantly increase the drag and fuel consumption of the
fishing vessel. The rate of development of the biofouling systems during the two months is
related to factors such as temperature, currents, the area in which the ship has sailed, and
the length of time for which the ship has been docked [21–23].
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4. Discussion
4.1. Reasons for Underwater Monitoring

The world cargo fleet includes 54,000 ships of 1000 gross tons and above [4]. Mon-
itoring and evaluating the biofouling state and its effects on the ships’ performance is
crucial for sustainable shipping. As time goes by, an increase in roughness of the ships’
hulls can be expected, and fuel consumption progressively increases [35]. For instance,
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approximately a year after dry-docking, the required propulsion output for operation has
increased sharply [36].

A hull surface with biofouling growth tends to produce high levels of microorganisms,
amplifying into major biofouling [37,38]. This can be mitigated effectively by intermittently
interrupting the development of a biofilm [23]. The purpose of this paper is to regularly
monitor the status of hull biofouling using a biofouling monitoring system. The system
can ensure cleaning measures are taken in the early stages of biofilm formation. Further
development into mature biofouling systems can thus be avoided.

The application of the developed monitoring system has the potential for both cost
reduction and overall environmental benefit. It can be used to prevent the buildup of fouling
on vessels of various types, and so reduce the global transfer of non-indigenous species [39,40].

Additionally, corrosion is widely recognized as the most serious issue for ships.
Biofouling-induced corrosion is a main factor of marine corrosion [41]. The monitor-
ing system may aid in identifying areas of research in fouling control that would result
in the greatest benefit in terms of savings in fuel use during ship operations. Since the
effects of biofouling on performance vary between ships, operational profile, and fouling
conditions, the prevention of biofouling using underwater monitoring approaches can be
expected from any stakeholder who is responsible for the costs, benefits, total ownership
cost, and environmental impact of marine shipping.

4.2. Performance of Underwater Cameras

In this study, biological growth was observed on the vessel hull and was an important
reason for the increase in fuel use. We tracked biofouling growth before and after hull
cleaning, using Chasing Dory and Chasing M2. It was found that there was no visible
fouling organism growth one month after cleaning. A large area of attached seagrass was
clearly observed on the surface of the hull two months after cleaning.

Moreover, fouling organisms tend to attach to areas with a longer duration of sunlight
exposure. It is therefore conjecturable that limiting the exposure of the hull to sunlight can
slow down biofouling growth. This may extend the interval between docking and cleaning,
and reduce operating costs.

Dry-docking and cleaning schedules are vital to minimizing a ship’s costs and emis-
sions. Based upon the results and experience obtained from this study, we found that image
monitoring technology using both Chasing Dory and Chasing M2 is useful for detecting
biofouling issues in advance. In addition to identifying the extent of biofouling, both
cameras can quickly and effectively assess primarily major issues on ships’ hulls. Although
the M2 model is equipped with a more advanced lens set and produces clearer pictures
than the Dory model, there are other considerations, e.g., price and weight, which need to
be taken into account when selecting a tool for underwater monitoring.

The method is sensitive enough to monitor the state of the surface of ships’ hulls,
which changes over time. The other advantages of image-based monitoring are summarized
as follows:

1. The imaging measurements are fast and accurate;
2. The image itself is valuable visual data;
3. Multiple measurements can be made with the same image;
4. The imagery can automatically save metadata such as geographic location, date,

and time;
5. The images and measurement data can be archived electronically.

Based on the images taken in this study (Figure 9), we found that fouling organisms
preferred to attach themselves to the hull area rather than to the bottom area. The bot-
tom area of the vessel remained relatively clean. In addition, we clearly observed the
demarcation (red lines on images) of organism attachment. We speculate that the hull, in
comparison with the bottom area of the ship, is much more exposed to sunlight, which is
beneficial to photosynthesis and the growth of fouling organisms. In addition, other factors,
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e.g., the paint applied to the hull and the micro-environment, can influence the attachment
of fouling organisms.

The benefits of solar exposure to the growth of fouling organisms can also be observed
on the propeller. Figure 10 shows the images of biofouling development on the propeller
surfaces. The inner side of the propeller, which is much less exposed to sunlight, shows little
organism attachment, while the outer surface, which is continuously exposed to sunlight,
shows heavy organism attachment. This infers that solar exposure plays a significant role
in influencing biofouling growth and can be limited to restrain it.
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Furthermore, major issues can be prevented using the monitoring system. For instance,
the fishing net (as shown in Figure 8) found in this study can lead to rather serious issues,
including a loss in the propulsion output and energy efficiency of the vessel. This can cause
further deterioration in the propulsion system and can affect the main engine. This study
enables early detection and timely elimination of the issue, thereby restoring propulsion
efficiency and preventing further damage to the ship.

4.3. Environmental and Economic Benefit of Using Developed System

The main environmental advantages of the monitoring system described in this study
include reduced atmospheric emission from vessels and possible lower water pollution
levels due to less waste being generated by hull treatment. Furthermore, considering
sustainable shipping, it is important to consider environmental costs, including atmo-
spheric emissions [42–44]. Ship owners and operators who undertake frequent underwater
monitoring may benefit from long-lasting clean hulls [45].

In addition, antifouling paint renewal is related to health issues. They include paint
residue, blasting dust, wastewater, and non-indigenous species. Underwater cleaning can
result in various types of environmental hazard [23]. The studied ships tend to move slowly
around Taiwan in seas with relatively high water temperatures. Additionally, the relatively
long harboring period can result in faster fouling growth. More significant fuel savings
and a proportionate reduction in atmospheric emissions after hull cleaning can thus be
expected [46]. Further reduction in combined operating costs is also achievable using the
developed monitoring system [47].

Effective and reliable monitoring tools to address this would allow a timely cleaning
procedure able to be traded off against costs, efficiency, and environmental impacts. How-
ever, existing monitoring technologies are either too expensive or too cumbersome to be
operated by crews. This makes it difficult to implement frequent and effective monitoring,
resulting in the best missed opportunities for action.

The results obtained in this study reveal that, with frequent and effective moni-
toring programs, action can be taken early enough to prevent further development of
biofouling [12]. When interim cleaning is used, savings in fuel costs may be even greater
and more than capable of offsetting the minimal increase in cost of applying the described
monitoring system.

5. Conclusions

This paper presents the experimental laboratory and field results of our study gather-
ing information by applying existing technology for monitoring submerged ships’ hulls.
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Combining underwater photography technology with periodic cleaning methods can ef-
fectively prevent the occurrence of problems including hull biofouling. With moderate
sunlight, a shooting distance of 20 cm, and a depth of 1.5 m, we obtained the best images
and achieved the purpose of effective monitoring. The monitoring technology established
in this study is expected to enable effectively assessment and control of biofouling at an
early stage. It is cheap, lightweight, and easy to operate, and can be carried on board
and operated by the crew periodically to eliminate various underwater issues including
biofouling, which in turn enhances sustainable shipping.
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