
ome means of con-
trolling marine

fouling on ships’ hulls has been
considered essential since the earli-
est days of marine transport. It has
been estimated that without any at-
tempt to control fouling, shipping
would require 40% more power,
equal to about 72 million tonnes of
additional fuel per year.1

Therefore, without an effective
antifouling system, today’s marine
transport industry would undoubt-
edly grind to a halt, not just be-
cause of the increased cost of
bunkers but also because ship
propulsion systems are not de-
signed to maintain the extra power
required for the normal speed of
the ship when there is heavy foul-
ing.

While there is general acceptance
that some means of fouling control
is essential, this is difficult to recon-
cile with ever-stricter controls on
the content and use of antifouling
paints. This article presents an al-
ternative: the combined use of low
surface energy antifoulings, which
are less toxic than traditional foul-
ing-control coatings, along with
regular underwater cleaning of ship
hulls. 
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Controlling Marine Fouling
with Antifouling

Paints and Underwater
Hull Cleaning

Fouling Control—
Traditional Approach

The conventional approach has
always been for the marine paint
industry to identify increasingly po-
tent biocides and then to incorpo-
rate them into antifouling paints
with ever more sophisticated release
mechanisms. The aim has been to
provide a reliable level of protection
for as long as possible against as
wide a range of marine organisms
as possible.

In recent times the industry has
been remarkably successful at real-
ising the expectations of ship own-
ers, to such an extent that the relax-
ation of rules governing how long
ships may stay out of dry dock
would have been entirely academic
without efficient antifoulings.

This was demonstrated in 1974
when the introduction of the first
tributyltin (TBT) self-polishing an-
tifouling coincided with a relaxation
in the rules allowing certain classes
of ships to stay afloat for up to five
years between special surveys of the
hull that are required to keep the
vessel insured.

This link between the time that

an antifouling can be expected to
keep a hull clean and the time that
a ship owner can keep a vessel
afloat is important. As long as the
life of the antifouling matches the
in-service period of the vessel, all is
well, but few operators can tolerate
steaming with any significant de-
gree of fouling on their ship’s hull.
As soon as bunker consumption
begins to rise, they look for a solu-
tion, and the only alternative to a
premature dry-docking is to have
the hull cleaned by divers.

TBT antifoulings have fulfilled the
criteria of matching coating life to
in-service time of a ship admirably.
However, at the 42nd meeting of
the International Maritime Organi-
zation (IMO) in London last No-
vember, it was agreed that applica-
tion of organotin antifoulings will
be banned throughout the world by
1 January 2003 and that a complete
ban on the use of these antifoulings
on ships’ hulls will be in place by 1
January 2008. (Ratification of the
agreement is pending.)

Furthermore, the legal instrument
that the IMO Marine Environment
Pollution Committee will develop
will have the ability to ban other
antifouling systems if they are
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because low surface energy coat-
ings rely entirely on the integrity of
the surface for their antifouling ef-
fect. If the surface is abraded or
scratched, fouling can become firm-
ly attached. Any cleaning, whether
it is carried out underwater or in
dry dock, must be done very care-
fully and gently.

If any damage is inflicted on the
coating, fouling will soon grow on
the affected areas, requiring more
rigorous cleaning next time, thereby
causing more damage and resulting
in more fouling, and so on. Trials
suggest that excellent results can be
maintained with low surface energy
products over an indefinite period,
but the deterrent effect can easily
be lost in one uncontrolled cleaning
episode.

A Solution to the Problem
A similar situation exists with a

special type of rubber cladding ap-
plied to the outer surfaces of sub-
marines to make them more diffi-
cult to detect by sonar. As with low
surface energy paints, this cladding
involves underwater cleaning of a
delicate substrate to which the con-
sequences of accidental damage
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proven to have unacceptable effects
on the environment.

Since it goes without saying that
for a conventional antifouling paint
to be any good it must be toxic, then
the future of these compositions
looks bleak indeed. There is an obvi-
ous dilemma because ship owners
have become accustomed to their
vessels entering dry dock virtually
free from visible fouling. Can their
expectations be met in the future?

Fouling Control—
Emerging Technologies

Various solutions are being con-
sidered for deterring marine fouling
without toxic biocides. These in-
clude the use of ultrasound to pre-
vent organisms from settling, elec-
trical systems that ionise sea water,
and low surface energy paints that
provide a surface to which fouling
organisms cannot stick.  

Low surface energy silicone-based
paints provide an inhospitable sur-
face for the adhesion of marine or-
ganisms. Weed and shell fouling
will settle and grow, but it will only
be lightly attached. Consequently, it
can be removed by low-pressure
water washing in dry dock, or it
can be removed underwater with
the wipe of a diver’s hand. It also
can be washed off if a vessel’s pas-
sage through the water is fast
enough.

Naturally, a self-cleaning hull is
an attractive proposition, and that is
why most applications of these
coatings so far have been to high-
speed craft. The general consensus
is that some backup in the form of
underwater cleaning is required,
certainly on vessels with a service
speed of less than 20 knots.

This poses a problem, however,

could be severe. However, an un-
derwater cleaning unit developed
for use on the submarine surfaces
can also be used on other types of
vessels coated with low surface en-
ergy antifoulings.

To understand how this unit
works, it helps to know that most of
the underwater cleaning machines
currently in use create a low-pres-
sure area beneath the brush. The re-
sult is that the brush clings to the
surface being cleaned, and the diver
operating the machine does not
need to press the brush onto the
hull. It holds itself in place. Typical-
ly, a suction force of about 200 kg is
created under a brush of 400 mm
diameter rotating at about 800 rpm. 

This presents a problem, howev-
er. The brush must have robust
bristles or they will not support the
suction force. Besides, stiff bristles
are required in most cases for effec-
tive cleaning. The problem is that
the stiff polypropylene bristles used
would certainly damage a low sur-
face energy antifouling or the sub-
marine cladding.

A cleaning machine consisting of
a wheeled chassis fitted with two ro-
tating brushes (as shown in Fig. 1)
has been developed to address this
problem. Between the brush mount-
ings and the chassis is a restraining
mechanism that off-loads the suction
pressure onto the chassis and that
allows the brushes to respond to un-
even surfaces such as weld seams
while ensuring that virtually no pres-
sure is applied to the surface being
cleaned. In addition, to prevent the
brushes from dwelling on the sur-
face, they automatically lift clear
when the unit is stopped or put into
reverse.

The vehicle can be driven and

Fig. 1: Underwater hull cleaning machine (top)
and a diagram of how it operates (bottom)
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required at four-month intervals.
This means a ship could be main-
tained afloat for five years using un-
derwater cleaning for the same cost
as a 21⁄2-year antifouling system. In
addition, underwater cleaning can
continue indefinitely without the
need to dry-dock.

In practice, however, underwater
hull cleaning by divers with clean-
ing machines is only used occasion-
ally because it requires the ship to
be stationary at a time and place
where they can operate. This means
during daylight hours and at a loca-
tion having reasonable underwater
visibility with currents of no more
than 1 knot.

Some vessels, particularly those
on liner trades (ships working to a
predetermined timetable, e.g., pas-
senger liners or container
ships) may opt to use under-
water cleaning as the primary
method of fouling control and
only apply a good, hard, anti-
corrosive coating. However,
for some years to come, it is
safe to assume that most
ship owners will want to ap-
ply some type of coating in
dry dock that will provide a
measure of antifouling protection.

Since, as noted, environmental
legislation is steering the industry

steered by a diver who moves
the unit across the side of the
ship much like a rotary lawn-
mower. It has a theoretical
cleaning rate of 1,250 m2/h,
but when diving conditions—
which can be quite adverse—
are taken into account, the ac-
tual cleaning rate is about
600–700 m2/h.  

A Combined Approach  
Not long ago, the idea of

divers cleaning ships under-
water was an anathema to
marine paint companies, which saw
it as a threat to their antifouling
compositions. Now, because of
growing environmental restrictions
on antifoulings, a more flexible ap-
proach in which antifouling paint
and underwater cleaning are market-
ed as a package is almost inevitable.

away from toxic paints and
since low surface energy,
“non-stick” coatings are
emerging as a promising alter-
native, there will almost cer-
tainly be an increased need for
underwater cleaning systems
as a backup.

The Future of
Underwater Cleaning

Since the advent of TBT
anti-foulings in the mid-1970s,
there has been very little de-
velopment of underwater hull

cleaning systems precisely because
TBT provided a clean hull from one
docking to the next.

Now, however, the industry may
be looking for underwater cleaning
to become an efficient, reliable
means of fouling control. What is
required for this to occur?

The single most important factor
is that the ship owner must be able
to rely on the service being avail-
able when needed, and because of
the unpredictability of diving condi-
tions, this means the cleaning must
be done by a machine that does not
require a diver to operate it. Two
ways of achieving this aim are cur-
rently under consideration. 

One is to use a remotely operated
vehicle (ROV) for underwater clean-
ing, as shown in Fig. 2. The other is
to build a large installation along the
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$ per m2

7.00

7.00

Table 1: 30-Month Comparative Costs

Tin-Free Antifouling System

High-pressure water washing in dry dock

250 µm of tin-free antifouling (@ $13 per litre)
applied at a spreading rate of 1.1 m2/litre 

Application costs (two coats)

Total cost of 30 months of fouling protection

$ per m2

0.85

12.00

1.90

14.75

Underwater Hull Cleaning

Seven cleans at four-month intervals
(@ $1 m2 per clean) 

Total cost of 30 months of fouling protection

Fig. 2: Illustration of an ROV hull-cleaning
station

Otherwise, the expectations of cus-
tomers will no longer be satisfied.

How does the cost of underwater
cleaning compare with the cost of
applying antifouling paint? Table 1
shows it costs about $15 per m2 to
apply two coats of a tin-free anti-
fouling in dry dock. However, it
only costs about $1 per m2 for
underwater cleaning of a ship. 

In the absence of antifouling
paint, underwater cleaning may be

Fig. 3: Underwater cleaning station for ships
(Courtesy of Orca Marine)

lines of a car wash, as depicted in
Fig. 3. It would operate like a float-
ing dock by submerging beneath the
ship to be cleaned and then travel-

Submerged Acoustic
Transponders

Hull Cleaning
Vehicle

Support
Vessel
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form pierside ship hull surveys in
support of research efforts in the
following areas: acoustic diagnos-
tics, magnetic signatures, cathodic
protection, hull coatings, and hull
damage assessment. These ROV
surveys on submarines, aircraft
carriers, cruisers, and destroyers
have allowed scientists and engi-
neers to observe conditions under-
neath the ships with minimum
impact on their routine.

Maintaining Paint on Ship Hulls
U.S. Navy ships are painted

with two coats of epoxy anti-cor-
rosive paint plus three coats of
cuprous oxide-containing ablative
antifouling paint. Each coat is
125-150 µm thick. The average
total theoretical thickness is
~625-750 µm, but the actual
thickness can range from ~250-
1500 µm or more, primarily due
to the variability of manual paint
application, particularly as more
coats are added.

Once in service, the ablative
antifouling is slowly reduced in
thickness by hydrolysis and the
ship’s movement through the wa-
ter. Periodic underwater cleaning
to remove marine fouling can
also reduce paint thickness.

Typically, Navy surface ships
undergo dry-docking every five to
seven years. Until recently, the
underwater hull paint system was

ling along the hull using an array of
brushes to remove the fouling.

The ROV is a flexible system, able
to operate more or less anywhere.
ROVs already are being used in the
marine industry for other purposes,
such as taking dry film thickness
readings of a hull coating to help
plan a ship’s dry-dock maintenance
schedule (see accompanying article).
The underwater cleaning station, on
the other hand, would be installed
wherever large concentrations of
shipping justified the investment.

Both systems would operate on
hulls coated with non-toxic paint
and in open-water conditions where
the weed and shell removed from
the hull would be returned to the
marine ecosystem.

Conclusions
Time is running out for conven-

tional antifouling paints that rely on
potent biocides as a means of con-
trolling marine growth on ships’
hulls. A new generation of non-poi-
sonous, non-biocidal antifouling
paints based on advanced surface
energy technology looks set to pro-
vide an alternative, but they will
need underwater cleaning as a back-
up. Underwater hull cleaning can
work in partnership with non-toxic
antifouling paints in order to fill the
gap to the next scheduled docking.
From a cost perspective, it can even
provide a primary method of fouling
control in certain circumstances.
However, some research and devel-
opment effort is required to make
the process reliable and effective. 

• • •
1. A. Milne, “Roughness and Drag
from the Marine Paint Chemist’s
Viewpoint,” presentation at an
International Workshop on Marine
Roughness and Drag, 29 March
1990, Royal Institution of Naval
Architects, London.

While use of ROVs is being con-
sidered for underwater cleaning
of ship hulls, as described in the
accompanying article, the tech-
nology is already being used for
other purposes, such as ship hull
inspections.  

n important part of 
ship hull maintenance is

inspecting the thickness of under-
water hull coatings. To avoid dry-
docking or to pre-plan the docking
work, it is desirable to perform a
comprehensive underwater survey
of the hull prior to entering the
dry dock. A remotely operated ve-
hicle (ROV) can be used to deploy
underwater sensors and thereby
obtain automated readings of the
hull coating’s dry film thickness
(DFT).

This article describes the use of
this technology on U.S. Navy
ships in an industrial harbour. It
addresses the technology behind
the paint thickness sensor, its
preparation for underwater use on
an ROV, and how the information
obtained from such an underwater
survey can be used to assist in
planning the dry-dock mainte-
nance for a ship.

Background
Since 1989, the Carderock Divi-

sion Naval Surface Warfare Center
(NSWC) has used ROVs to per-
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must be removed before readings
are made. Biofilm slimes present
on all underwater surfaces do not
affect the thickness reading.

Waterproofing the probe to
make it suitable for immersion
service was done by adhering a
ceramic sheath to the probe tip.
The probe, shown in Fig. 1, was
connected by a thin cable to the
battery-powered electronic data
processing unit, which in turn
could be connected to a printer
or computer. Since the cable con-
necting the probe to the electron-
ic unit was limited to about 30
metres in length, it was not feasi-
ble to mount the probe on the
ROV and keep the electronics unit
topside. The probe and the elec-
tronics unit were mounted on the
vehicle in a waterproof housing.

The paint thickness data read-
ings were imported into a data
file on a laptop computer located
topside. Special software has
been developed to acquire and
process multiple data streams
from ROV hull evaluations to be
downloaded into a spreadsheet
for analysis.
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Acquiring Paint Thickness Data
With the ROV 

To acquire paint thickness data
while a ship is tied up at a pier,
the ROV system is set up on the
edge of the pier closest to the
ship. A truck used to deliver the
equipment to the pier can then
be used as an operations van
during the deployment. In addi-
tion to the ROV and its control
system, electric generators, a
boom crane, instrumentation,
data acquisition instrumentation,
and an inflatable boat are
brought to each survey.

The navigation transceivers are
set out and located to provide
line of sight to the ROV. The
boom crane is mounted to the
pier for lowering the ROV into the
water. Deployments generally last
two to five days, depending on
the amount of sensor data re-
quired and the size of the ship.

Fig. 2 shows an ROV with vari-
ous sensors installed, including
the paint thickness probe. Thick-
ness readings are taken on the
side and bottom of the hull. Once
the vehicle has been positioned
at the desired location, the opera-
tor activates a robotic arm, or ro-
tator, which is programmed to
gently touch the probe to the hull
surface for a thickness reading.
The locations for paint thickness
data readings are carefully cho-
sen to get a representative de-
scription of the paint on the
ship’s hull. 

Since 1995, an ROV has been
deployed to take paint thickness
data from eight aircraft carriers.
A total of 2,500–3,000 data points
are taken during each hull sur-

routinely removed then by abra-
sive blasting and reapplied to the
bare metal. However, the advent
of ablative antifoulings has intro-
duced the possibility of retaining
the underwater hull paint system
at docking, depending on the
thickness of the ablative antifoul-
ing during service and the condi-
tion of the anti-corrosive coating.

Using an ROV to evaluate the
underwater hull condition, includ-
ing video observation and mea-
surement of the paint thickness
across the entire hull in order to
qualify the ablative rate of the
antifouling, can provide advance
notice on the ship’s paint condi-
tion. Based on this information,
planners might decide to extend
the lifetime of the paint system,
thereby saving maintenance costs
and keeping the ship available for
duty.

In addition, the ROV is
equipped with a reference cell for
monitoring the cathodic protec-
tion system and an ultrasonic
probe for measuring hull plate
thickness.

Paint Thickness Probe
To measure paint thickness,

NSWC used a commercially avail-
able electronic unit modified for
underwater use. It measures the
thickness of non-magnetic coat-
ings on ferrous substrates
through the process of magnetic
induction. The instrument dis-
plays a reading in mils as a mea-
sure of the distance of the probe
tip from the substrate, which is
the coating thickness. The probe
must be in contact with the sur-
face, thus heavy marine fouling

ROV Inspections of Ship Hulls

Fig. 1: DFT probe prepared for underwater
use with ceramic tip

(Photos courtesy of the authors)
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vey. It takes only a few seconds
to acquire each DFT data point
using the automated rotator.

System Description
Although ship hull inspections

do not require an ROV to dive
more than about 30 metres, it
may have as much as 180 metres
of tether in the water. At 90+ kg,
an ROV is at the upper end of
what is easily deployable by
hand over the side of a ship
or pier. Its payload for hull
inspection surveys includes
a silver/silver-chloride ref-
erence cell, paint thickness
probe, plate thickness
probe, video and still cam-
eras, and for acoustic sur-
veys, a set of hydrophones.

The NSWC deployment
team uses a computer-con-
trolled ROV. Although an
ROV equipped with a com-
pass and depth sensor can
provide its own depth and
heading, it cannot give its true
position relative to the ship hull.

Most of NSWC’s deployments
are pierside in an industrial har-
bour environment with turbid wa-
ter, hence poor visibility, and the
operator does not have visual
points of reference. A sophisticated
control system has been developed
to provide the ROV’s position and
heading relative to the navigation
transceiver net. Additional soft-
ware can display its position rela-
tive to the hull. 

Interpreting the Paint Data
If a set of baseline DFT data is

taken immediately after initial ap-
plication of the coating in dry

dock, comparisons can be made
as the paint system ablates in ser-
vice. For example, the initial
paint application to one of the
ships used in this study was doc-
umented in 1986. It consisted of
more than 2,000 thickness data
points. When the ship was dry-
docked in 1993, new measure-
ments of paint thickness com-
pared with the previous results

Conclusions
Collecting paint thickness read-

ings from the underwater hull of
a ship using an ROV can aid in
pre-planning dry-dock mainte-
nance for a ship. With the advent
of ablative antifouling paint, this
method of collecting data com-
bined with video inspection also
lends technical information to the
decision of whether or not to re-

tain a paint system, there-
by possibly saving mainte-
nance costs and making
the ship more available to
perform its mission.

Looking ahead, this
technology is expected to
advance by modifying the
DFT probe for inclusion in
the sensor suite of another
underwater monitoring de-
vice known as an automat-
ed hull maintenance vehi-
cle, which would remain in
constant contact with the
hull while removing ma-

rine fouling. The most important
change to the DFT probe is that it
would be deployed automatically
at set intervals, thus removing
the requirement that the ROV
make contact with the hull every
time a reading is taken.  

This article is based on a paper
titled “Performing Ship Hull In-
spections Using a Remotely Oper-
ated Vehicle” that was presented
at SSPC 98 in Orlando, FL, USA
(15–19 November 1998) and pub-
lished in the conference proceed-
ings, Increasing the Value of
Coatings (SSPC 98-11).

Fig. 2: ROV with DFT probe, digital still camera, and reference cell

showed an average reduction of
250 µm DFT.

A measure of paint thickness
obtained with an ROV prior to
the docking closely matched the
1993 results. In addition, read-
ings taken when the ship was
dry-docked in 1995-96 closely
matched the ROV data taken
three months before, thereby vali-
dating the ROV method of collect-
ing thickness data.

The comprehensive collection
of DFT data on this ship has al-
lowed the paint system to remain
on the hull with touchup and
overcoats, and it is projected that
this paint system will be in ser-
vice for 15 years.




