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Abstract 

Design of an Environmentally Responsive Grooming Tool to Aid in Underwater Navigation 

By 

Bruce Huntress Walker III 

Major Advisor: Geoffrey Swain, Ph.D. 

Underwater hull grooming is a proactive approach to ship hull husbandry.  It has been 

defined as the frequent and gentle wiping of a ship hull coating to maintain it free of fouling.  

One of the challenges to implementing a grooming schedule is the control and navigation of 

the devices over the surface of the hull. This thesis presents prior research that has developed 

self-attaching rotating brushes as an effective method to groom fouling control coatings and 

the results from several years of implementation in the marine environment.  The hypothesis 

of this thesis is that the condition of the ship hull surface can be interpreted by monitoring the 

current draw of the grooming tool and that this information can be used to aid in navigation. 

The present grooming tool design comprises five self-attaching rotating brushes that maintain 

constant RPM by regulating current through a control system which monitors the back EMF 

of a brushless DC motor. Experiments were performed to investigate the relationship between 

current draw and surface condition by operating the grooming tool on artificial roughness’s 

and fouling control coatings with known levels of biofouling.  The results demonstrated that 

coating type, coating roughness and biofouling type all contributed to the current draw by the 

brush motor.  This knowledge may be used to help locate the grooming device when 

operating in a lawn mower type pattern.  
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Chapter 1 

Introduction 

In-water hull cleaning is the primary method of managing biofouling for many of today’s 

ships, however, this is a reactive measure and many vessels still suffer significant 

reductions in fuel efficiency [1]. Grooming has been defined as " the frequent and gentle 

cleaning of a ship hull coating, when it is in port or idle, to prevent the 

establishment of fouling" [2] and provides a proactive method to maintain vessels free 

of fouling. This thesis provides a background on hull grooming and evaluates a novel 

concept for the control and navigation of a grooming device by interpreting the grooming 

tools power draw to locate position with respect to the grooming line.  Research has shown 

that grooming maintains the hull free of fouling [2]–[6].  During a series of “lawnmower” 

pattern passes across the hull, the vehicle implements 50% overlap where half of the tool is 

on the ungroomed hull and half is on the previously groomed hull. The hypothesis is that 

the condition of the ship hull surface can be interpreted by monitoring the current draw of 

the grooming tool and that this information can be used to aid in navigation. If the 

hypothesis of this thesis is proven correct and the surface condition is relatable to current 

draw, then a differential in current draw between the two halves of the grooming tool can 

be monitored to help correct cross-track position error by locating the vehicle to the last 

grooming pass. A study was conducted in which the grooming tool was operated on test 

panels that accumulated up to four weeks of biofouling at Port Canaveral. The current draw 

of the tool grooming known levels of coating roughness and biofouling was cataloged so 

that a relationship could be formed between the RMS current draw and the surface 

condition. 
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Chapter 2 

Background 

Impacts of Biofouling on Vessel Operations 

Commercial and Naval experience has demonstrated that appreciable savings in energy are 

obtainable by preserving smooth underwater hull and propeller surfaces [1]. An entire 

chapter in the book Marine Fouling and its Prevention by Woods Hole Oceanographic 

Institution (WHOI) 1952 is devoted to a review of the effect of fouling on ship resistance. 

Based on the data available at the time, the British Navy made an allowance of a 0.25% per 

day increase in frictional drag for ships operating in temperate waters and 0.50% per day 

for ships operating in tropical waters [7]. This led to a prediction of a 35-50% increase in 

fuel consumption for a naval ship after operating for 6 months in temperate waters [7]. 

More recently, fuel savings of more than 15 percent have been realized as a result of hull 

cleaning and propeller polishing of fossil-fueled ships [1]. 

A detailed study was undertaken for the U.S. Navy DDG-51, which provided a good model 

of the fleet as a whole in terms of global dispersion and docking schedule [1]. The Navy 

categorizes fouling in terms of the fouling rating detailed in the NSTM Ch 081 (Figure 1).   

Analyses of the inspection reports [1] suggest that the majority of DDG-51 hulls support 

macrofouling capable of generating significant roughness which increases drag and fuel 

use. Maximum values of the fouling ratings range from FR-0 to FR-100 with distributions 

(by section of the hull) typically featuring a broad peak from FR-30 to FR-70. The most 

frequent value of the fouling rating was FR-30. The spatial extent of the maximum fouling 

rating was low, usually 10% or less of the hull, and did not differ greatly among sections of 

the hull.  
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The DDG-51 represents only 22% of the wetted hull area and the U.S. Navy is spending as 

much as much as $56 million per year to combat the detrimental effects of biofouling 

through cleaning and increased fuel consumption for this single class of ship [1]. The 

number of ships in the Schultz study is minimal compared to the merchant fleets with 

53,000 ships, and the true impact of biofouling on society remains unknown [8]. 

Classification of Biofouling 

The types of fouling are separated into soft, hard, and composite categories. Soft fouling 

such as algae, slimes, and grasses do little damage to the coating but have a large impact on 

the performance of a ship. Hard fouling such as tubeworms and barnacles have a large 

impact on hydrodynamics and are difficult to remove without damaging the hull coating. 

Barnacles were found to require 0.55 MPa to be removed from BRA640 and an average of 

.04 MPa for Intersleek 900 [2]. Composite fouling includes both hard and soft fouling 

organisms and is extremely detrimental to a ship’s performance [9] 
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Figure 1 NSTM fouling rating system [9] 

Classification of biofouling is important because understanding the stages of fouling is key 

to implementing a proper hull grooming regiment. Formation of slime is the first step in 

the fouling process. Almost any object immersed in seawater rapidly accumulates a coating 

of slime, consisting of bacteria, fungi, protozoa, and algae [9]. If the biofilm is removed 

before hard fouling is able to become fully established a ship hull can remain free of 

significant fouling for extended periods of time [2]. Figure 2 shows the three major 

categories of fouling with respect to the Navy Ships Technical Manual (NSTM) fouling 

rating system as well as the estimated time required to reach each stage. Examples of 

fouling ratings and percent coverage can be seen with the predicted yearly fuel costs for a 

single DDG-51 class ship under each condition. 
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Figure 2 Biofouling with Respect to Grooming and Estimated Costs of Operating a DDG-51 

Class Ship Under Each Condition 

Coatings to prevent Biofouling 

The use of copper as a biocide can be traced back over 200 years [10]; however, today’s 

technologies entail blending chemicals with a ship’s paint to achieve a desired antifouling 

effect. Antifouling paints are primarily broken into three categories: biocide based, fouling-

release, and a combination of both. One of the most effective antifouling paints, developed 

in the 1960s, contains the biocide organotin tributyltin (TBT) which was banned in 2001 

after the realization that the effects were not localized to the hull [11]. Alternatively, from 

an environmental perspective, the fouling-release technologies offer the most attractive 

options for biofouling control [12]. 
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Biocide Based Antifouling Coatings 

The most common practice to prevent the growth of organisms is to coat a ship with a paint 

that contains biocides, compounds that slowly leach into the sea water, deterring settlement 

and growth of fouling. After the ban of TBT, copper became the most common alternative 

that is usually added to the paint matrix in the form of a cuprous oxide [12]. A 2009 study 

found that 99% of the US Navy fleet’s underwater hull area (>1.1 million m2) is coated 

with copper ablative antifouling paint. The self-polishing copolymer paints are not suited 

for a navy ship which includes 40-60% of the time pier side with insufficient voyages to 

maintain a fresh leach layer [13]. Copper-based paints can be further broken into 

conventional, ablative, and self-polishing coatings. Conventional copper paints are 

inefficient, lasting 12-18 months and experiencing uneven loss of copper at the surface and 

build-up of insoluble copper salts. Ablative systems are formulated so the paint matrix 

saponifies at about the same rate that the copper is released and achieves a life span of 

three or more years. In self-polishing systems, the copper chemically attaches to a 

copolymer within the paint, and on contact with water, the copper is released. The 

copolymer becomes brittle and hydrophilic, and removal of the copolymer chain causes a 

self-polishing action and provides a fresh supply of biocide at a controlled rate for as long 

as 5 years [12].  

Fouling Release Coatings 

Initial investigations into the non-stick phenomenon demonstrated that settlement and 

attachment by microorganisms could be related to the surface free energy of the substrate. 

The biocompatible range is defines a surface free energy of 20-30 dynes/cm as the 

minimum biological adhesive strength [14], [15]. Silicone-based paints have become a 

popular fouling release method.  Their low surface-free energy, micro-roughness, glass 

transition temperatures and modulus of elasticity reduce the ability of marine organisms to 
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adhere to the surface [12]. At present less than 1% of the U.S. Navy fleet is coated with 

fouling release coatings [13]. 

Technologies for Underwater Hull Cleaning 

According to Morrisey [16] , there are two separate categories for in-water hull 

maintenance technologies, those that remove organisms from targeted niche areas and 

those that remove organisms from large areas of the hull. Within both categories, a 

standard cleaning brush utilizes coarse fiber or metallic material capable of detaching fully 

cemented barnacles. These tools, often powered either pneumatically or hydraulically, take 

advantage of a wide range of rotary tool heads to meet a variety of needs. Additional use of 

ROVs and high-pressured waterjets means cleaning is becoming easier, more automated, 

and less damaging to the coatings. 

Cleaning is typically performed after a ship is already at the fouling rating of 40 or worse. 

The ship will already be experiencing severe fuel penalties and calcareous fouling will be 

difficult to remove [1]. Removing all the fouling using stiff brushes is possible but may 

damage a ship’s coating.  

Cleaning of Niche Areas of a Ship 

Targeted areas of biofouling include propulsors, sonar domes, docking block bearing 

surfaces, sea chests, masker emitter belts, and propulsion shafts. Many are required to be 

cleaned for functional use while a properly cleaned and polished propeller impacts power 

consumption of the vessel significantly [13] [14]. A diver operating a hand-held unit is 

required to access the niche areas properly [9].  

Manual Scrubbing 

Tool selection depends on both the severity and type of fouling as well as the type of 

antifouling coating applied. Cloths and carpet pieces may be used on light, soft fouling, 
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comprised of microbial films and small algae, and on ablative and fouling-release coatings 

are used to prevent coating damage. Plastic or metal brushes, scrapers, and scouring pads 

are used for heavier fouling or on hard coatings [16]. 

Single-Brush Unit 

Single-headed units allow access to niche areas with rotating brushes that operate at a 

variety of revolutions per minute (RPM). Although additional care can be taken with one 

of the hand-operated tools and light fouling is easily removed from the vessel [9], abrasion 

damage and scratching can occur when cleaning softer fouling-release coatings. 

Additionally, hard coatings can be chipped and worn over time limiting their effective 

lifespan; as a result, special attention is required so coatings are not damaged during the 

cleaning process [16]. 

Powered devices, which remove fouling through use of hydraulically or electrically driven 

brushes, can be easily operated by a diver. The handheld tools do not offer capture 

technology and may efficiently clean large areas of a ship hull. 



9 

 

 
 

 

Figure 3 Examples of Hand-Held Single-Brush Cleaning Devices. Left: AS16 HB 

Hydraulically Driven Tool [19] Right: Remora Marine Electronically Driven Hand-Held 

Cleaning Tool [20] 

Cleaning of Large Area Sections of the hull 

Large areas of a ship require a selection of tools with a swath width that allows cleaning to 

be done quickly and efficiently. These are usually diver operated, however advancement in 

ROV technology has enabled the tools to be semi-automated. Large area tools primarily 

make use of multi-brush units, rotary brushes and discs, and waterjets (guns and hydro-

lances) to remove soft and hard fouling [9]. 

Multi-Brush Units 

Multi-brush units are driven over the hull by self-propelled vehicles which use large 

impellers or magnets to hold them to the hull and may also take advantage of the natural 

suction created when the rotating brush creates a low pressure vortex  [21]. The multiple 

heads create a large swath width for maximum cleaning efficiency and fewer required 

passes. 
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Diver-Operated Brush Carts 

Ride-along vehicles, which require the use of a diver and may implement a waterjet or 

brush method to clean the hull, typically, apply themselves to the hull surface by thrust 

from the propellers or suction created by the flow of water through the cleaning heads. 

Further refinement of the devices is needed to minimize the application force of the 

brushes so that they travel over the hull without damaging the coating [16]. 

 

Figure 4 Diver-Operated Brush Cart [22] 

Waterjets 

It is claimed that the use of high pressure waterjets reduce damage to antifouling coatings 

and release of contaminants to the environment, while still achieving the required level of 

cleaning [16]. An example of a modern waterjet is attached to the HullWiper ROV as seen 

in Figure 5. The HullWiper waterjet applies pressure up to 45,000 kPa at 80 L/ min, 

cleaning 1500 m2/ hour and manufacturers claim the jet causes no damage to the coating 

being cleaned [23]. 
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Figure 5 HullWiper cleaning ROV [23] 

A refinement of the waterjet method incorporates microscopic bubbles of air and steam, 

generated by ultrasonic sound. Like contactless methods of cleaning, cavitation jets are 

developed to reduce damage to antifouling coatings and to reduce the hazard to operators 

using the high-pressure jets. The pressure of the cavitation waterjet, 12,000–15,000 kPa, is 

significantly less than that used in conventional waterjet cleaning, but the bubbles are 

claimed to collapse on contact with the surface, creating very high, localized pressures, 

which destroys and removes organisms, rust, and exfoliated paint without damaging 

underlying paint [16]. 

Hull Cleaning Robots 

Advancement in ROV control systems has allowed hull cleaning vehicles featuring semi-

autonomous systems that are either deployed from a land vehicle or a support ship. One 

example is the Hull Identification System for Marine Autonomous Robotics (HISMAR) 

developed by an EU-funded project. HISMAR makes use of magnetic wheels for 

attachment and uses high powered waterjets for cleaning as well as offers accurate hull 
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surveying technologies. The HISMAR navigates primarily via dead a reckoning optical 

system as well as with the use of magnetic landmark detection [24].  

 

Figure 6 HISMAR prototype attached to a ship hull during field trials [24] 

Commercial Technologies for Underwater Hull Grooming 

Hulltimo Pro 

Hulltimo SA was founded in 2010 and introduced the Hulltimo Pro for personal vessels, 

capable of cleaning a 34’ hull in one hour. The product also features capture technology 

claiming the following: “As the robot cleans the hull, any waste is filtered and collected 

inside the robot via a special bag. Also, the robot uses new patented technology to clean 

the hull, without the need for chemical cleaning products” [25]. The tethered vehicle is 

operated via a handheld controller, attaches itself with two vertically rotating brushes, and 

features four drive wheels as well as LEDs and two cameras to aid in navigation.  
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Figure 7 Hulltimo Pro Deployed on a Boat Hull [25] 

Hulltimo Smart 

This pole mounted tool, seen in Figure 8, uses brush and capture technology like the 

Hulltimo Pro, but the tool is manually operated on the end of a curved pole. Manufacturers 

claim the product can clean a 34’ vessel in one hour with a 16” grooming brush that 

doubles as the attachment mechanism [26]. 
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Figure 8 Hulltimo Smart Personal Boat Cleaning Tool [26] 

HullBUG 

“The HullBUG system is a semi-autonomous underwater vehicle designed to crawl on ship 

hulls or other underwater structures and ‘proactively groom’ the surface. Developed by 

SeaRobotics and funded by ONR, this highly automated proactive grooming (or light 

cleaning) process will revolutionize hull maintenance, allowing ship hulls to remain in a 

clean state at all times” [27]. The latest model of HullBUG and specifications can be seen 

in Figure 9. 
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Figure 9 SeaRobotics HullBUG System and Specifications [28] 
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Summary of Grooming Research at the CCBC 

The Office of Naval Research (ONR) has been sponsoring research related to grooming at 

the Center for Corrosion and Biofouling (CCBC) since 2005. The research initially 

investigated the feasibility of maintaining surfaces free of fouling by the gentle and 

frequent wiping of fouling control surfaces with different devices. In 2013, the research 

moved to a large-scale test facility at Port Canaveral [29]. A diverse group of scientists and 

engineers currently operate out of a 10m ship (Figure 10) and maintain three sections of 

4.5 by 3 m 6 mm thick steel plate coated with two U.S. Navy qualified coatings: a copper 

ablative coating, Interspeed BRA 640, and a fouling-release coating, Intersleek 940. The 

plates are suspended from large steel pipes and remain in the water year-round to simulate 

a vessel resting pier side.  

 

Figure 10 The CCBC Test Site at Port Canaveral Featuring 10m Main Ship and Large-Scale 

Grooming Study 
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Requirements for an Effective Underwater Hull Grooming Regiment 

Throughout the design and testing of several tools, the CCBC contributed to the 

understanding of the mechanics of underwater hull grooming, design tools, and methods 

particularly suited for the task [4]–[6], [29]–[33]. The first requirement of a successful 

hull-grooming regiment is a tool capable of removing fouling from surfaces without 

damaging the coating. Vertically rotating brushes provide similar properties to impellers 

and not only remove fouling but also generate their own attachment forces [4]. The second 

requirement is to determine the navigation pattern that will ensure all areas of the 

grooming zone are traversed effectively and efficiently. The last requirement is a schedule 

based on the fouling pressure experienced by the vessel and the capabilities of the 

grooming tool.  

Grooming Tool 

The active parameters for design of a grooming tool can be seen in Figure 11. A proper 

balance must be between three primary goals: 

1) Attachment force must be great enough such that the tool removes the biofouling. 

2) Attachment force and bristles must not result in damage to a ship hull coating. 

3) The device must be efficient and as low powered as possible to accommodate 

power requirements of a ROV. 
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Figure 11 Balance of Forces Involved in a Grooming Tool  

Grooming Pattern 

Schultz demonstrated that a decrease in fouling from FR-30 to FR-10 could generate 

appreciable savings for ships [1]. As such a focus on the large areas of a ship is the primary 

target for grooming. In order to traverse the large areas effectively and ensure total 

coverage, a lawnmower pattern of parallel passes implements a 50% overlap of the tool 

between the ungroomed and the previously groomed surface (see Figure 12). The goal is 

for the tool to be centered on the grooming line, and the overlap ensures that every part of 

the hull is groomed twice.  
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Figure 12 Lawnmower Grooming Pattern with 50% Overlap of Grooming Tool 

Grooming Schedule 

Research indicated that a once-a-week grooming frequency at Port Canaveral was required 

to maintain a copper ablative coating free of fouling [5]. The figures below show the 

results of a long-term grooming study performed at Port Canaveral in which weekly 

measurements of biofouling levels were recorded after each grooming pass on both copper 

ablative BRA640 (Figure 13) and fouling release Intersleek 900 (Figure 14).  

In Figure 13 the top plot shows percent fouling coverage for an ungroomed control surface 

and results of the experiment reveal heavy composite fouling at the end of the six-year 

study. The BRA640 groomed weekly performed very well with no macrofouling 

accumulating and only a layer of tenacious biofilm formed towards the end of the study. 

This tenacious biofilm is low-profile biofilm forms as a result of grooming. These 

organisms making up this biofilm have a high adhesion to both antifouling and fouling-
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release surfaces but have a lower wet film thickness than biofilms grown on ungroomed 

surfaces [4].  

 

Figure 13 Results of a Long-Term Grooming Experiement Conducted on Copper Abblative 

BRA640 at Port Canaveral from October 2014 to April 2019 [5] 

The surface coated with Intersleek 900 developed macrofouling in the form of tubeworms 

and encrusting bryozoans. In Figure 14, the top plot shows the percent fouling coverage for 

an ungroomed control and results of the experiment revealed heavy composite fouling by 

the end of the six-year study. The Intersleek 900 groomed weekly performed very well 

with only small amounts of encrusting bryozoans and tubeworms developing after two 

years of immersion. 
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Figure 14 Results of Long-Term Grooming Study Conducted on International Intersleek 900 

at Port Canaveral Test Site from October 2014 to June 2017 [5] 

Grooming Vehicles 

The grooming vehicles used by CCBC include HullBUG, Seabotix LBV and vehicles 

designed in-house. All vehicles have been tethered and used regularly at the Port Canaveral 

test site; they serve as platforms to prototype a variety of grooming tools and to implement 

different grooming schedules. At present, testing is split between the LBV300 and the 

Zero-Turn vehicles.  
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HullBUG 

The first ROV test platform at the CCBC was the Hull Bioinspired Underwater Groomer 

(HullBUG) designed and developed for grooming by SeaRobotics Corp. and funded by the 

ONR. The vehicle weighed approximately 30-40 kg and attached to the underwater surface 

with two semi-closed impellers.  

 

Figure 15 HullBUG Tested by the CCBC at Port Canaveral Test Site [34] 

Little Benthic Vehicle 300 (LBV300) 

The LBV300 produced by SeaBotix has proven to be an effective workhorse for the CCBC 

lab since 2014. The vehicle weighs 18 kg, exerts 18.1-22.5 kgf of forward thrust, and is 

paired with the CSA302 track system for crawl mode [29]. The vehicle is capable of three-

dimensional flight utilizing six high-powered brushless DC motors (four vectored, two 

vertical). The vehicle, operated via a control unit on the surface, attaches to the test surface 

with a singular vertical impeller mounted between the treads. 



23 

 

 
 

 

Figure 16 LBV vehicles with no treads attached [35]  

Zero-Turn ROV 

The Zero-Turn ROV was built entirely of off-the-shelf and 3D-printed components and is 

driven by two bi-directional treads. Zero-turn has proven a successful test bed for tread 

design and maintains the regular weekly grooming schedule at the Port Canaveral test site. 

The system is operated with a hand-held Arduino controller at the surface that sends serial 

communications down a 30m tether to an Arduino sealed within the vehicle. Two Maxon 

DECS 50/5 servocontrollers regulate four EC-22 brushless sensorless motors, which drive 

the treads and two impellers mounted underneath the vehicle. 
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Figure 17 Zero-Turn ROV 

Grooming Tools 

Initial tests involving grooming were performed with a squeegee and proved successful on 

a small scale; however, there are many difficulties in transferring this method to a 

contoured ship hull [3]. 

Research has shown rotating brushes to be effective at removing biofouling under the 

correct grooming schedule [2]. Rotating brushes not only remove fouling but also act as 

impellers, providing an attachment mechanism for the tool [4]. 

PUG & PUG2 

The push underwater grooming (PUG) tools feature five rotating brushes in different 

arrangements (See Figure 18). PUG1 features no overlap between the brushes and relies on 

an impeller to provide suction. PUG2 attaches entirely with the suction created by an 
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optimized grooming brush and features overlap between the brushes to provide better 

grooming.  

 

Figure 18 Left: PUG1[4] Right: PUG2 [29] 

Lilypad 

Lillypad (see Figure 19) is the CCBC designed grooming tool which mounts on the front of 

an ROV. The tool includes five rotating brushes, which have a 10.16 cm outer diameter. 

The swath of the entire tool 63.5 cm. Each Lilypad module consists of a brush, motor, 

servo controller, waterproof housing, drive shaft, umbilical, and articulating arm [29]. 
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Figure 19 Lilypad Grooming Tool Attached to vLBV300 [29] 

Balance of Forces for an Optimized Grooming Brush 

The major forces of concern generated by a rotating brush include drag force of the brush 

in water (FD), drag force of the bristles on the surface (Ff), normal force of the bristles on 

the surface (FN), and attachment force of the brush (FS) (see Figure 20) [29]. 
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Figure 20 Forces Impacting a Rotating Grooming Brush [29] 

Vortex Suction 

A rotating brush for creates similar properties to an enclosed impeller as seen in Figure 21 

[21].  

 

Figure 21 Depiction of Vortex Impeller from US patent 6,595,753 B1 [21] 
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The rotating brush creates a low-pressure region enclosed within the bristles; the region 

acts as an attachment force for the brushes that corresponds to the speed the brush rotates, 

allowing the attraction force to be modified, depending on grooming requirements (see 

Figure 22). 

 

Figure 22 Pressure Regions in Impeller [21] 
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Harper Brushes 

A large portion of the design of the current CCBC grooming brush was carried out in 2014 

by Michael Harper, who found several characteristics would change the energy outputs of 

the brush: 

• Brush Drag  

• Form Drag  

• Viscous Drag 

• Friction with Panel’s Surface 

• Attachment Forces  

• Entrained Water  

• Rotational Speed 

• Brush Characteristics  

• Bristle Material  

• Diameter 

• Length 

Several brush geometries were tested to determine the brush with the highest attachment 

force (see Figure 23).  
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Figure 23 Harper Brushes of Different Diameters [30] 

The brush that provided the highest attachment force was 10.2 cm in diameter with 

crenellated bristle tufts at a 45° angle. The most efficient brush design was 10.2 cm in 

diameter with 15° tufts and incorporated a rubber shroud. Harpers research demonstrated 

that rotating brushes can meet both grooming requirements and provide attachment to a 

ship hull [30]. 

Submersible Motors 

Underwater motors suited for grooming must be powerful enough to remove fouling and 

provide attachment while remaining as small and light as possible to minimally impact the 

hydrodynamics of the grooming vehicle. Equipment suited for this work was developed at 

the CCBC with the use of off-the-shelf equipment and 3D-printed structural components.  
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Brushless DC Motors 

Brushless DC (BLDC) motors work by changing the direction of electricity through a 

series of coils to create altering electric fields. The electromagnets correspond to a set of 

permanent magnets that either attract or repel in order to create motion.  

Commutation 

The process of changing the direction of electrical current is known as commutation. With 

rapid commutation through the coils of the motor the polarity is switched at the right 

moment to align with the next permanent magnet (see Figure 24). The commutation 

frequency varies depending on the motor, motor controllers, and desired RPM. 
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Figure 24 Demonstration of a Three-Phase BLDC Motor [36] 
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Back Electromotive Force 

An inductive fly back, seen in the phase voltage plot of Figure 24, represents the back 

electromotive force (EMF) that is produce by the rotation of the permanent magnets. When 

the coil of a motor turns magnetic flux changes and the motor acts as a generator producing 

a small signal known as EMF. The generation of EMF occurs whether the shaft is turned 

by an external input, like a belt drive, or whether by the action of the motor itself. Lenz’s 

law states the EMF opposes any change, so that the input that powers the motor will be 

opposed by the motor’s self-generated EMF, this is called the back EMF of the motor [37]. 

3D-Printed Components 

All parts of the brush head used in this test were 3D-printed at the CCBC. The watertight 

housings were printed on a stereolithography apparatus (SLA) resin printer, and the 

magnetic coupler and brush were printed on a fused deposition modeling (FDM) printer 

with acrylonitrile butadiene styrene (ABS) plastic. The principle of 3D printing is that a 

software can slice a 3D object into layers of particular thickness, and a machine can stack 

them together one above the other, forming the 3D component [38]. 

SLA Resin Printer 

The first patent for 3D printing was made in 1984 for the stereolithography apparatus, 

which uses UV light to cure photopolymer resin in a vat to make prototypes. The use of 

resin makes airtight parts ideal for underwater housing prototyping [38]. 

FDM Printer 

The fused deposition modeling printing process has been around since 1989, and ABS 

plastic is used by a vast majority of 3D printers today [38]. Parts made of ABS can be have 

varying degrees of fill to make them stronger where needed and lighter when desired. ABS 
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printed parts are porous and not waterproof unless additional processing is completed after 

printing.  

Control System Design 

In general, the objective of the control system is to regulate the outputs in some prescribed 

manner by modifying the inputs of the system [39]. Control systems are either open-loop 

or closed-loop and while many tradeoffs exist between the two, open-loop control is 

simpler and cheaper while close-loop is more complex and precise.  

Open-Loop 

Open-loop systems, such as the idle speed control (see Figure 25), involve a set input and 

creates a set actuating signal. This signal is the same no matter the impact of the controlled 

process, and thus, an unknown output y is produced by the system. An example is a 

washing machine in which the machine applies a predetermined amount of torque no 

matter how much the machine is loaded. This predetermined torque will result in different 

rotation speeds under different loading. Because of the simplicity of open-loop control 

systems, this type of system is found in many noncritical applications [39] . 

 

Figure 25 Elements of an Open-Loop Control System [39] 

Closed-Loop 

When the output signal is measured and fed back to be compared to the desired input the 

loop is considered closed. In closed-loop systems the controlled signal is fed back and 
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compared with the reference input. An actuating signal proportional to the difference of the 

input and the output is then sent through the system to correct the error [39]. A diagram of 

a general closed-loop speed controller is shown in Figure 26. 

 

Figure 26 Closed-Loop Control system for an Idle Speed Controller [39] 

 

 

Figure 27 (a) Typical Response of Open-Loop Control System. (b) Typical Response of 

Closed-Loop Control System [39] 

Figure 27 shows the typical response of both an open- and closed-loop system. As seen in 

Figure 27(a) when a load is applied to the system the output changes and no means exist 

for correcting back to the desired idle speed. In Figure 27(b) when a load is applied the 

system interprets this and the error is corrected to bring the output signal back to the 

desired idle speed.  
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Navigation of Marine Vehicles 

Navigation of marine vehicles is more difficult than with airborne and land-based systems. 

Above water, most autonomous systems rely on radio, spread-spectrum communications, 

and global positioning; however, such signals propagate only short distances underwater. A 

magnetic compass works poorly near large metal structures like a ship hull. The most 

powerful tools for navigation are gyros and odometers; however, over time error 

accumulates and the position estimate will drift [40]. In order to compensate having several 

sensing methods that all aid the navigation system becomes key. 

Reference Frames 

In open water, an ROV is represented by a body with six degrees of freedom as seen in 

Figure 28. Translation is found along three axes (Up/down, Left/right, 

Forward/backwards), as well as rotation about each axis (yaw, pitch, roll). A navigation 

system determines the location of the ROV reference frame with respect to another 

reference frame and implements a control sequence to achieve the desired position change. 

In some cases, the secondary reference frame is the gravitational field or the bottom of the 

ocean; in the case of this thesis, the vehicle navigates with respect to the hull of a ship. 
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Figure 28 6 DOF of an ROV Body in Open Water [41] 

Pressure 

One of the simplest sensors for navigating in water is the pressure sensors. For every 10.06 

m of water the pressure changes .1 MPa [42]. The relationship between depth and pressure 

makes determining depth in the water column by measuring pressure easy and accurate. 

Inertial Measurement Unit (IMU) 

IMU sensors rely on accelerometers and gyroscopes to detect motion. Even the most 

precise IMU accumulates some form of compounding drift or error, which can result in a 

vehicle being off course by meters in just minutes.  
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Acoustic Positioning Systems 

Sound Navigating and Ranging (SONAR) devices allow accurate location of vehicles as 

long as they are within range of the array. The three primary methods can be seen in Figure 

29 along with the varying degrees of equipment. 

 

Figure 29 Primary Types of Acoustic Position. Top left: USBL, Top right: SBL, Bottom: LBL 

[43] 
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Ultrashort Baseline (USBL) 

USBL measures phase comparison on an arriving ping between individual elements within 

a multi-element (≥3) transducer.  It is used to determine the bearing from the USBL 

transceiver to a beacon. If a time of flight interrogation technique is used, a range to that 

beacon will also be available from the USBL system [43]. The advantages are that this 

system only requires a single transponder that can be deployed from the boat; however, 

additional depth sensors are needed to locate fully within the water column.  

Short Baseline (SBL) 

SBL involves an array of multiple surface-mounted transceivers; the bearing is derived 

from the detection of the relative “time of arrival” as a ping passes each of the transceivers 

[43].  

Long Baseline (LBL) 

LBL is the most precise of the systems but requires a complex array of transponders on the 

seafloor and does not need a vertical reference unit or gyroscope. However, LBL is 

expensive and requires expert operation [43]. 

Doppler Velocity Logger (DVL) 

The DVL uses acoustic measurements to capture bottom tracking and determine the 

velocity vector of an AUV moving across the seabed [44]. 

Simultaneous Localization and Mapping (SLAM) 

SLAM uses forward-looking sonar and cameras to track reference points such as weld 

beads, portholes, and deformations on the hull surface. Comparison between frames taken 

at known rates allows localization of the vehicle [44]. 
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Chapter 3 

Grooming Tool Design 

The grooming tool outlined in this thesis was developed and tuned over 8 years of 

grooming practice [3], [4], [29], [30]. The result is a grooming brush capable of removing 

soft biofouling and providing attachment force for both the tool and vehicle. The optimized 

brush meets all grooming requirements without causing excess wear to the coating. 

Motors 

This research used Maxon EC-22 motors encased in an in-house designed 3D printed 

motor housing with a magnetically coupled grooming brush. 

Submersible 3D Printed Motor Housings 

The shaft is the most difficult aspect of the motor to seal as it must maintain a low friction 

connection that allows the shaft to rotate. Strategies like oil filling have a penalty 

associated with the shaft rotating within the viscous fluid [45]. To avoid this, the CCBC 

motor make use of nine permanent magnets arranged within the housing around the motor 

shaft coupled with eighteen permanents magnets on the outside of the watertight housing 

arranged around the grooming head. Lab tests showed the coupling could provide 1-1.2 

Nm of torque before decoupling. The housing is SLA resin printed while the brush head 

was manufactured with an FDM printer using ABS plastic (see Figure 30). The motor 

windings pass through the housing via SEACON wet-mate in-line connectors and on the 

surface are passed through M12 connectors.  
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Figure 30 Submersible 3D Printed Motor and Magnetically Coupled Grooming Brush 

Schematic 

Maxon Motor 

The Maxon EC-22 is a brushless sensor motor featuring a single neodymium magnet core 

surrounded by motor windings arranged in three phases offset by 120°. The motors use a 

gear reduction ratio of 29:1 to get the torque required. Knowing this, it can be calculated 

that at 450 RPM the brush head will rotate once every 133.4 ms while the motor rotates 

every 4.6 ms.  

Motor Controllers 

The motor speed is regulated with a Maxon ESCON 50/4 EC-s 4-Q servo controller in 

closed-loop mode. The controller senses the back EMF of the rotating motor to accurately 



42 

 

 
 

time the commutation cycle. When the motor controller detects the brush is slowing below 

450 RPM current is increased and results in greater torque. When the controller detects the 

speed is greater than 450 RPM the current is reduced and resulting drop in torque slows the 

motor. 

 

Figure 31 Maxon ESCON 50/4 EC-S 4-Q Motor Controller [46] 

Schematic 

The grooming tool circuit is powered by a 24 V power supply. A master switch separates 

the power supply from the 50/4 EC-s 4-Q servo controller and the 1-Q-EC Amplifier. Both 

controllers have a +5 V output pin which is connected to the enable pins of each respective 

board. The three motor windings connect the motors to the controllers via SEACON wet-

mate and M12 connectors. The brush motor windings pass through the current sensing 

system before they reach the Maxon EC-22 brushless sensor less motor.  
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Figure 32 Grooming Tool and Cart Schematic 

Component Pinout 

 

Maxon 50/4 EC-s 4-Q servo controller 

Pin 1 = Supply GNG 

Pin 2 = Supply Voltage (+24 V) 

Pin 7 = +5 V  

Pin3 = enable pin 

J2 = M12 connector for Motor windings 1, 

2, and 3 

 

Maxon 1-Q-EC Amplifier DECS 50/4 

Pin 2 = enable pin 

Pin 5 = +5 V 

Pin 7 = Supply Voltage (+24V) 

Pin 9 = Supply GND 

J4 = M12 connector for Motor windings 1, 

2, and 3 

Figure 33 Pinout for the Components of the Grooming Tool [47] 
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Chapter 4 

Design of a Brush Sensor to Detect Coating Condition 

Introduction 

The monitoring device in this thesis is designed to detect the current draw from the 

grooming motor with sensors placed in each motor winding. The grooming regiment 

performs a series of lawnmower passes. Overlap between consecutive passes occurs in 

which two brushes operate on the ungroomed surfaces, two brushes operate on the 

previously groomed coating, and the middle brush is directly on the grooming line.  The 

hypothesis is that the condition of the ship hull surface can be interpreted by monitoring 

the current draw of the grooming tool and that this information can be used to aid in 

navigation.  

Based on the control system described in Chapter 3, the system will increase or decrease 

the current supplied to the motors to maintain constant RPM under different loading 

conditions. In order to quantify the amount of current being supplied to the motor, an in-

line sensor was placed along each of the motor windings. Monitoring each motor winding 

separately will ensure that there will always be an available measurement of the current 

being supplied to the motor.  

Components Selection 

Nyquist Frequency 

In order to sample a changing signal like in a DC motor, the sample rate must be above the 

Nyquist frequency.  The equation below is for calculating the Nyquist frequency of the 

grooming tool. The motor rotates every 4.6 ms which means there will be a change 
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between the three motor pathways once every 1.2 ms or with a frequency .833 kHz. The 

resulting Nyquist Frequency for the motor would be 1.66 kHz. 

𝑁𝑦𝑞𝑢𝑖𝑠𝑡 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 = 2 ∗  𝑆𝑎𝑚𝑝𝑙𝑒 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 

 F.W. Bell NT-15 Current Sensor 

The F.W. Bell current sensor provides reliable and accurate measurements for a range of 

current levels. In this experiment the motor regularly sees spikes in current up to 8 Amps at 

startup while the change in current supplied to the motor is often in the milli-amp range. 

The sensor chosen is the F.W. Bell NT-15 current sensor with specifications that can 

handle large spikes as well as provide accurate monitoring of current changes (see Figure 

34 

Description Value Unit 

Primary Nominal Current 

(IPN) 

 + 15 Amps 

Current Measurement 

Range 

± 45 Amps 

Output Voltage at IPN  +2.5 Volts 

Accuracy at IPN +- 0.3 % 

Figure 34 F.W. Bell NT-15 Current Sensor Specifications 
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Functionality 

 

Figure 35 F.W. Bell NT-15 Operating Principle Schematic [48] 

The following excerpt from the F.W. Bell NT series datasheet explains the functional 

aspects of the F.W. Bell NT-15: 

The Primary Current is fed through a U-shaped conductor creating a field gradient 

Hprim between the two sides of the conductor. The thin film magneto-resistors are 

placed on a silicon chip and connected in a Wheatstone bridge. The chip is 

mounted together with the analog interface electronics on a single in-line hybrid 

circuit. In order to obtain a high linearity (0.1%) and low temperature sensitivity, Is 

is fed back to the sensor chip through a compensation conductor located above the 

magneto-resistors. The resulting field Hcomp exactly compensates Hprim, so that the 

sensor always works around a single operating point. At the output of the sensors, 

the compensation current flows through a measurement resistor Rm. The output 

voltage, measured across the resistor, is Vout = ±2.5V at ±IPN. The nominal current 

is only determined by the Geometry of the primary conductor [48]. 
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Pinout 

Pins 1 and 2 are connected to the supply voltage with +15 V connected to pin 1 and -15 V 

connected to pin 2. Pins 3 and 4 are connected to GND and pin 5 goes to the analog input 

of the Arduino.  

 

Figure 36 F.W. Bell NT Series Current Sensor Functional Schematic [48] 

Arduino UNO 

The F.W. Bell NT-15 outputs a voltage depending on the current passing through the 

sensor and the Arduino UNO analog-to-digital converter (ADC) was used to interpret this 

measurement and relay it via serial communication to a laptop. 

Baud Rate 

The baud rate or rate at which the Arduino sends bits over serial communications was set 

to 115200 to accommodate the rapid sampling rate. 

Conversion Equation 

The F.W. Bell NT-15 was designed to output a voltage of +2.5 V when measuring a 

current of +15 A. The output pin of the F.W. Bell connects to the analog read pin of the 
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Arduino UNO and the ADC maps the input voltage from 0 and 5 V to 0 and 1023 bits [49]. 

The equation below calculates the current passing through the sensor given the number of 

bits determined by the ADC. 

𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝐴𝑚𝑝𝑠 = (𝑎𝑛𝑎𝑙𝑜𝑔 𝑟𝑒𝑎𝑑 𝐵𝑖𝑡𝑠) ∗
15𝐴𝑚𝑝𝑠

2.5𝑣
∗

5𝑣

1023𝐵𝑖𝑡𝑠
 

Resolution 

The current sensing system was designed for accurate measurements of samples as spikes 

seen at the startup of the motor. Several components are involved in the current logger and 

the resolution is limited by the most precise individual component of the system. 

The F.W. Bell NT-15 has a working range from 0 to +15 Amp which corresponds to an 

output voltage of 0 to +2.5 V [48]. The resulting minimum resolution from the NT-15 is 

seen below: 

15 Amp / 2.5V = 6 Amp/V  

The output from the F.W. Bell NT-15 is monitored by the Arduino Uno, and the built in 

ADC converts the analog signal from the NT-15 into a digital value that is logged via the 

serial monitor. The Arduino makes use of a 10-bit ADC which means there are 1023bits 

between the 0V mark and the 5V mark. The resulting resolution of the ADC is 4.8 mV/bit 

(see below). 

5V/1023bits = 4.8mV/bit 

The expected output from the sensor will only be from 0-2.5V, and with the expected 

resolution of 4.8 mV/bit the number of available units that the Arduino ADC can map the 

analog signal from the F.W. Bell is 512 bits. 

2.5 V/ 4.8 mV/Bit = 512 bits 
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The resolution the ADC can be obtained across 512 bits when working with the 15Amp 

current range is 29.3 mA/bit (see below). 

15 Amp/ 512 bits = 29.3 mA/bit. 

Sampling Rate 

The system makes use of the  F.W. Bell NT-15 differential magnetic field current sensor 

that produces a continuous analog signal on the output pin proportional to the current 

passing through the main line be [48]. The analog signal must be converted to a digital 

sample, the ideal sample rate would be greater than the Nyquist frequency of the motor to 

ensure the digital readings accurately represent the analog signal; however, the maximum 

sampling rate of the system is limited by the lowest sampling rate of the individual 

components.  

The Arduino UNO’s built in ADC operates with a 16 MHz crystal and an initial pre-scale 

factor of 128 [50], making the Arduino clock tick at a rate of 125 kHz. 

16 MHz/128 = 125KHz 

The total run time for one cycle of the ADC was found to be 13 clock ticks. If this was the 

only function in the Arduino loop the ADC would take samples at the theoretical rate of 

9615 Hz. 

125 KHz/ 13 = 9615 Hz 

The theoretical time between ADC samples is therefore .1 ms. 

1sec/9615Hz = .1 mS 

The reading from the ADC passes via serial communication to the computer at the 

maximum baud rate of 115200 bits per second. A typical message sent between signals, 
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“30000,100,200,300”, is 17 Bytes or 136 bits long. At the current baud rate the minimum 

time between samples would be 1.18 ms. 

136bits/115200 bits/sec = 1.18 ms 

The sampling rate is limited by the serial communication and the results in a sample once 

every 1.18 ms. 

Confirming Sampling Rate 

It is expected that the motor will rotate once every 4.6 ms. The motor controller will direct 

power through each of the three motor windings and change the polarity three times. Each 

polarity change rotates the motor 120° to create a full rotation within 4.6 ms. Figure 37 

below shows a plot of the current sensor outputs for all three motor windings. At 1ms a 

current spike is first read passing through motor winding 1 (blue), then at 3 ms passing 

through motor winding 2 (red), and lastly passing through motor winding 3 (black) all 

within the 4.6 ms time frame as expected. This illustrates not only the motor working at the 

proper speed but also that the sensor is able to capture the full commutation cycle of the 

motor. 
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Figure 37 Plot of Current Measurements vs Time for Three Motor Windings 

Schematic 

Each F.W. Bell NT-15 is hooked in-line with one of the three motor windings. For each 

winding the line from the Maxon 50/4 EC-s 4-Q servo controller passes through the input 

of the F.W. Bell current sensor and out to the Maxon EC-22 BLDC motor. The sensor 

requires +15 V on pin 1 and -15 V on pin 2, as well as a ground for pins 3 and 4. The 

analog signal outputs on pin 5 to be received by the Arduino ADC. 
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Figure 38 Current Sensing System Schematic 
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Chapter 5 

Brush Sensor Calibration 

Lab Calibration 

The lab calibration measured the current demand of the motors when the brush was run in 

water over surfaces of known roughness. The hypothesis of this experiment was that there 

is a relationship between the surface roughness and the current draw of the grooming tool.  

Test Tank 

 

Figure 39 Lab experiment test tank 
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Generating Test Surfaces 

   

  

Figure 40 Artificial Surfaces Top Left: P220 Top Right: P220&P40 Bottom Left: P40 Bottom 

Right: Grinder 

Sections of a PVC disk were roughened with sandpaper ranging from 220 to 40 grit and a 

grinder. The TQC guage was used to quantify the roughness of each panel and the finer 

sandpaper was use to create a consistent sample set between the original PVC and the 

roughest surface. 

Procedure 

A TQC DC9000 Hull Roughness Gauge was used to quantify the roughness of each 

surface. The tool consists of a control unit (Figure 43 left) as well as a sensor unit (Figure 

43 right). The Sensor unit is equipped with three non-slip wheels and a carbide tipped 
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stylus and is moved over the surface in a horizontal fashion collecting a series of 

measurements [51]. 

 

Figure 41 Determining Rt50 Value [52] 

Specification Value 

Measurement Speed 50 mm/s 

Measurement Unit Microns 

Accuracy +/- 5 microns or <2% (whichever is greater) 

Figure 42 MAHR Gauge Specifications 
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Figure 43  TQC Gauge Left: Control Unit Right: Sensor 

Mean Hull Roughness (MHR) 

The metric used for measuring roughness was the Rt50 value which is the maximum peak 

to trough height across 50mm, as see in Figure 41. Ten Rt50 values are determined in a 

particular location on a hull and then combined to give a Mean Hull Roughness (MHR) at 

that location defined by the equation in Figure 44. This was done for each test panel. 

 

Figure 44 Equation for Mean Hull Roughness (MHR) [52]  
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Current Data Analysis 

The data processing method for the lab experiment was done the same as for the field 

portion and is detailed in the Data Processing section for field calibration. 

Field Calibration 

The field experiment aimed to quantify the amount of current draw by the tool operation on 

the known levels of biofouling. Biofouling was grown at the CCBC Port Canaveral test site 

from March 15th to June 7th of 2019. The brush tool was operated weekly on a set of 36 test 

panels, 18 coated with Interspeed BRA640 and 18 coated with Intersleek 1100sr. The 

panels were cycled at such a rate that every panel would have a 1-, 2-, 3-, and 4-week 

growth sample.  

Test Tank 

A specially designed test tank was built to house the panels while the brush was moved 

over the surface at a controlled, known speed with consistency between trials (see Figure 

45).  

 

Figure 45 Field Experiment Test Tank 
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The panels were secured to the tank with pre-drilled holes that lined up with bolts in the 

test tank, wingnuts were then tightened to secure the test panel. The glass panel was 

adjustable so that it could be made flush with the end of the test panel. The glass panels 

acted as a normalized smooth surface that the brush could operate on before and after the 

test panel. The test surface data could then be extracted from the readings between the 

glass panels.  

A cart was constructed to hold the brush and translate it across the test panel at a constant 

rate of .152 m/s. As seen in Figure 46 the brush mount was a double joint allowing the 

brush to adjust naturally to the test surface and lie as it would on a full-scale grooming 

tool. The cart was driven by a single Maxon EC-22 brushless sensor less motor. The motor 

operated at 412.56 RPM and experienced a 10.8:1 gear reduction between the motor and 

the 3.8cm wheel. This resulted in the cart translating across the surface at .152 m/s. 

Calculations can be seen in below: 

𝑀𝑜𝑡𝑜𝑟 𝑅𝑃𝑀 ∗ 𝐺𝑒𝑎𝑟 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = 𝑊ℎ𝑒𝑒𝑙 𝑅𝑃𝑀 

412.56 𝑅𝑃𝑀 ∗ 
1

10.8
= 38.2 

𝑊ℎ𝑒𝑒𝑙 𝑅𝑃𝑀 ∗ 𝑊ℎ𝑒𝑒𝑙 𝐶𝑖𝑟𝑐𝑢𝑚𝑓𝑒𝑟𝑒𝑛𝑐𝑒 = 𝑊ℎ𝑒𝑒𝑙 𝑆𝑝𝑒𝑒𝑑 

38.2 𝑅𝑃𝑀 (
60𝑠𝑒𝑐

1𝑚𝑖𝑛
) ∗ 𝜋(. 038𝑚)2 =  .152𝑚/𝑠 
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Figure 46 Field Experiment Test Cart 

Generating Test Surfaces 

Several panels were used in order to account for variability between surfaces and exposure 

time. Additionally, in order to isolate variability between the panel surfaces, the schedule 

in Figure 47 was established to ensure that each panel had a 1-week, 2-week, 3-week, and 

4-week measurement. Below, the red cells indicate a measurement taken after 1-week, 

Orange represents 2-weeks, Green represents 3-weeks, and Blue represents 4-weeks. 
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Figure 47 Field Experiment Grooming Schedule 

Procedure 

Test Panels were submerged at the Port Canaveral Test site starting March 15th, 2019. 

There were two coating sets: 18 Panels coated with Ablative copper Interspeed BRA 640 

(BRA640) and 18 panels coated with Fouling Release Intersleek 1100SR (INT1100SR). 

The panels were cycled to ensure each panel had a 1-week, 2-week, 3-week, and 4-week 

test replicate.  
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1) The panels were removed from the water for the test and photographed before 

being secured in the specifically designed test tank (See Figure 39).  

2) The brush was then positioned above the glass panel, the next several steps took 

place over approx. 30 seconds: 

a. Data logging began 

b. Brush was activated and given 5 seconds to ramp up to full speed 

c. Brush was operated on the glass panel at full speed for 5 seconds 

d. Cart was activated and brush began traversing the test panel at .152 m/s 

e.  Cart was deactivated once it reached the end of the test tank 

f. Brush ran for 5 seconds on the end of the tank 

g. Brush Deactivated 

h. Data Collection Stopped 

3) Step 2 was then repeated on the same panel, getting a measurement of power draw 

on a groomed surface. 

4) Photos of the results of grooming were taken and the panel was re-deployed. 

This data was processed using MATLAB where the raw output from the Arduino ADC 

was converted to a current value using the equation below:  

𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝐴𝑚𝑝𝑠 = (𝑎𝑛𝑎𝑙𝑜𝑔 𝑟𝑒𝑎𝑑 𝐵𝑖𝑡𝑠) ∗
15𝐴𝑚𝑝𝑠

2.5𝑣
∗

5𝑣

1023𝐵𝑖𝑡𝑠
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Current Data Analysis 

At each loop of the Arduino code the ADC measured the value on three analog pins 

corresponding to a current sensor in each of the three motor windings. Each time step had 

three samples, and these samples were taken approximately every 1.18 ms. The time series 

samples were processed into an RMS average current value and the data processing 

methods can be found below. 

Data Processing 

For each trial 2 runs were performed while recording the reading from 3 motor windings. 

This resulted in series of approx. 30,000 data points from each of the three motor windings. 

Figure 48 shows a selection of the original readings for all three motor windings while 

grooming BRA640 panel. 
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Figure 48 Time (ms) vs Motor Winding Current (A) Unfiltered BRA640 

The process for determining the RMS current of the motor was as follows: 

1) The reading from each motor winding was filtered such that only the peaks remain, 

this was done by investigating each time step and determining if the points to the 

left and right were higher or lower. If the point did not represent a peak, the point 

was dropped. This can be seen in Figure 49 with the dropped values marked with 

an X.  
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Figure 49 Time vs Motor Winding Current Filtered BRA640 

2) The three motor windings were combined into a single series where the value of 

the first winding with non-zero current is selected.  From this first point the series 

is combined in order is maintained the commutation order of the motor. The 

combined series can be seen in Figure 50. 
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Figure 50 Combination of Three Motor Winding Current Samples on BRA640 

3)  This combined series was used to determine the RMS current value of the motor 

using the equation in Figure 51. Each of the N samples were squared and then 

summed. This sum was divided by the number of samples and the square root of 

the result if the RMS value of the entire sample. Figure 52 shows the series with a 

line located at the RMS value of the series. 

 

Figure 51 RMS Equation [53] 
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Figure 52 RMS of Combined Current Sample on BRA640 

Total Fouling Level 

Picture of each panel were run through Coral Point Count, a standalone Visual Basic 

program which automates, facilitates, and speeds the random point count analysis process 

[54]. 50 points were randomly spread across each panel and a person went to each point 

and identified it from 0 to 100 with respect to the NSTM Fouling Rating system. The CPCe 

program then performed statistical analysis to get an estimated percent coverage of each of 

the fouling ratings.  

The percent cover of each of the respective FR categories was divided by 100 then 

multiplied by the respective fouling rating value (0-100). The combined FR and percent 

cover values were summed to create the total fouling level for the particular panel. An 

example of the process can be seen in Figure 53. 
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FR (NSTM 0-100) Percent Coverage Total Fouling Level (FL) 

0 20% (0*.20) + (10*.40) + 

(20*.24) + (30*.11) + 

(40*.05) = 

FL = 2.197 

10 40% 

20 24% 

30 11% 

40 5% 

Figure 53 Method for Calculating Total Fouling Level (FL = (%cover/100 x FR) 
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Chapter 6 

Results and Discussion 

The experiments involved the collection of current draw of the motor while the grooming 

brush was operating on different surface conditions. The hypothesis of this thesis is that the 

surface condition can be interpreted by monitoring the current draw of the grooming tool 

and this may be a reliable aid in the navigation system of a vehicle. The lab portion looked 

at artificial roughness’s generated with sandpaper on PVC while the field portion involved 

growing 1 to 4 weeks of biofouling at Port Canaveral on two fouling control coatings.  

Lab Results 

Test surfaces with known roughness were fabricated by roughening PVC with sandpaper 

and a grinding tool. These provided a controlled analog to biofouling. Roughness 

measurements were taken with a TQC gauge which determines the maximum peak to 

trough height over a 50 mm sample distance.  
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Sandpaper Grit Resulting Surface Roughness (Rt50 in microns) 

Glass 0 

220 14 

220 & 40 23 

40 50 

Grinder & P40 218 

Grinder 301 

Figure 54 Artificial Roughness of Test Surfaces and Sandpaper Grit used to Generate Each 

Surface 

Glass was the smoothest surface that was unmeasurable with the TQC gauge due to the 

limited resolution; however, research done with atomic force microscopy put the roughness 

of glass in the nanometer scale and for the purpose of this experiment was rounded to 0 

microns [55]. The roughness value for each PVC panel was found by averaging 10 

measurement and ranged from 14 to 301 microns (Figure 54). 

Current Draw 

The lab measurements saw strong positive correlation between average RMS current draw 

and surface roughness with an R-square value of .986 when applying a power fit curve and 

only .427 when applying a linear fit curve.  
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Figure 55 Plot of Mean Surface Roughness (um) vs Average RMS Current Draw (Amps) 

The average RMS current and the range of average RMS current measurements for each 

surface was distinctly different for each surface roughness (Figure 56). This range of 

expected current draw could be used to create pass-fail lines to use as thresholds for 

determining the roughness of the surface.  

 Glass P220 P40 & 

P220 

P40 40 

Grinder 

Rt50(um) 0 13.81 50.0 218.9 301.18 

Average 

Current Draw 

±Std Dev 

(Amps) 

 

.69 ± 

.007 

 

.72 ± 

.014 

 

.74 ± .019 

  

.82 ± .015 

 

.84 ± .02 

Current Range 

(Amps) 

.43-.45 

 

.69-.73 .72-.76 .80-.82 .81-.86 

Figure 56 Lab Calibration Results 
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Field Results 

Glass Standard 

A glass surface was placed at the beginning of each run and acted as a standard from which 

to calibrate the brush. The RMS current draw was constant for the first 35 trials on both 

Intersleek 1100RS and BRA640, but there after fluctuated and was generally higher for 

both Intersleek 1100SR (Figure 57) and BRA640 (Figure 58).  It is believed that this was a 

result of the wear on the grooming brush and/or changes to the condition of the motor.  

 

Figure 57 RMS Current Averages for the Glass Sample from each Trial on Intersleek 1100SR 
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Figure 58 RMS Current Averages for the Glass Sample from each Trial on BRA640 

Brush and Motor Calibration 

The brush and motor were calibrated using the glass baseline average of the first 70 trials 

and the last 90 trials (45 Intersleek 1100SR and 45 BRA640). A correction coefficient was 

applied to the last 90 trials (Figure 59). 

Glass Baseline of first 70 trials (Amps) .42 ± .04 

Glass Baseline of last 90 trial (Amps) .5 ± .06 

Correction Coefficient (Amps) .08 

Figure 59 Current Draw on Glass for First 70 Trials and Last 90 Trials with Correction 

Coefficient 
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Fouling 

This experiment was designed to quantify the current draw of the brush operating on a 

large range of fouling. The fouling was classified by multiplying the NSTM fouling rating 

by the percent cover divided by 100 and summing all the values (Figure 60 and Page 66) 

Several of the panels experienced fouling which was outside the scope of recommended 

grooming practices. 

FR (NSTM 0-100) Percent Coverage Total Fouling Level (FL) 

0 20% (0*.20) + (10*.40) + 

(20*.24) + (30*.11) + 

(40*.05) = 

FL = 2.197 

10 40% 

20 24% 

30 11% 

40 5% 

Figure 60 Method for Calculating Total Fouling Level (FL = (%cover/100 x FR) 

Fouling was identified using the NSTM fouling rating system and the percent coverage of 

each fouling rating was converted to total fouling level by multiplying the rating (1-100) 

by the percent cover divided by 100 (see Figure 60). 

Intersleek 1100SR 

Fouling on Intersleek 1100SR featured slime and biofilm as well as tubeworms and 

encrusting bryozoans. Slime and small tubeworms were generally removed; however, large 

tubeworms and encrusting bryozoans often remained after a single grooming pass. The 

hard fouling that remained was considered outside the scope of grooming and would not be 

expected when implementing an ideal grooming regiment. 
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Figure 61 Fouling Levels Before and After Grooming INT1100SR 

Figure 61 shows the fouling level for Intersleek 1100SR panels before and after grooming. 

The top panel shows fouling consisting of slimes, soft fouling and some small tubeworms 

and the panel below it shows the results of grooming removing all the fouling. The bottom 

two panels show a panel from week 10 and while the soft fouling and biofilm were 

removed, hard fouling remains.  
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Figure 62 Range of Fouling on Intersleek 1100SR that Developed Throughout Experiment 

with Percent Coverage of each NSTM Fouling Rating and Resulting Total Fouling Level (FL = 

(%cover/100 x FR) 
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Figure 62 shows a full range of the fouling that developed on INT1100SR. Towards the 

end of the calibration process encrusting bryozoans became established and could not be 

removed by the grooming brush. 

BRA640 

Fouling on BRA640 featured slime and biofilm as well as larger soft fouling organisms 

and barnacles. Slime and soft fouling were generally removed; however, barnacles often 

remained after a single grooming pass. The hard fouling that remained was considered 

outside the scope of grooming and would not be expected when implementing an ideal 

grooming regiment. 

 

Figure 63 Fouling Levels Before and After Grooming BRA640 

Figure 63 shows the total fouling level for BRA640 panels before and after grooming. The 

top panel shows fouling within the scope of grooming and the panel below it shows the 
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results after two passes of the grooming tool successfully removing all the fouling. The 

bottom two panels show a panel from week 10 and while the soft fouling and biofilm is 

removed hard fouling remains.  
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Figure 64 Range of Fouling on BRA640 that Developed Throughout the Experiment with 

Percent Coverage of each NSTM Fouling Rating and Resulting Total Fouling Level (FL = 

(%cover/100 x FR) 
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Figure 64 shows a full range of the fouling that was grown on BRA640. Towards the end 

of the calibration process hard fouling became established across all panels and could not 

be removed by the grooming brush. 

Current Draw 

The average RMS current value being supplied to the motor throughout the grooming 

process was used as the value to represent the impact fouling had on current draw. This is 

representative of the entire series of current measurements taken while the brush was 

traversing the entire panel. 

Intersleek 1100SR 

The Intersleek 1100SR panel were separated into three major categories based on their 

degree of fouling: clean baseline panels, soft fouling panels, and hard fouling panels. In 

general, the clean baseline and panels with soft fouling would be considered within the 

scope of grooming and those with hard fouling would be outside the scope of grooming. 

Data Set Average RMS ± 

standard deviation 

(Amps) 

P Value when 

Compared to Clean 

Panel Set 

T Value when 

Compared to Clean 

Panel Set 

Clean Panel 0.58 ± 0.04 N/a N/a 

Soft Fouling Panels 0.69 ± 0.13 .0414 2.1008 

Hard Fouling Panels .93 ± 0.26 .0009 3.4868 

Figure 65 T-Test Results on Intersleek 1100SR 



80 

 

 
 

The average RMS current draw on clean Intersleek 1100 panels was 0.58 ± 0.04 Amps 

(mean ± standard deviation), panels with soft fouling had an average RMS current draw of 

0.69 ± 0.13 Amps, and panels with hard fouling had an average RMS current draw of .93 ± 

0.26 Amps. An unpaired T-Test was performed on the data sets, comparing the clean data 

set with both the soft and hard fouling datasets (see Figure 65). 

The P value when comparing clean panel samples to hard and soft fouling panels indicates 

the difference is statistically significance. There is a 95% confidence that the change in 

current between clean panels and panels with soft fouling is a result of the fouling. It can 

be said with 95% confidence that the change in current between clean panels and panels 

with hard fouling is a result of the fouling. 

 

Figure 66 Total Fouling Levels vs Current Draw on Fouling Release Intersleek 1100SR 

Figure 66 shows all 77 trials on Intersleek 1100SR, samples of biofouling inside the range 

of grooming are in black and those outside the range of grooming are in red. The average 

RMS current draw on clean Intersleek 1100SR panels is represented by the solid black line 
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and the 95% confidence that the interval is represented by the dotted lines. The line of best 

fit suggests there may be positive correlation between current draw and total fouling level, 

however the R-squared value is low at .2916. 

 

Figure 67 Results of Total Fouling Level vs Current Draw for Trials Inside the Scope of 

Grooming Measured on Intersleek 1100SR 

Figure 67 shows a plot of trials on Intersleek 1100SR that had biofouling inside the scope 

of grooming. A line of best fit shows that inside the scope of grooming there may be a 

positive correlation between total fouling level and average RMS current draw, however 

the R-squared value is low at .0219.  
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Figure 68 Results of Total Fouling Level vs Current Draw for Trials Outside the Scope of 

Grooming Measured on Intersleek 1100SR 

Figure 68 shows a plot of the trials on Intersleek 1100SR that had biofouling outside the 

scope of grooming. A line of best fit shows that outside the scope of grooming there may 

be a positive correlation between total fouling level and average RMS current draw, 



83 

 

 
 

however the R-squared value is low at 0.1801.

 

Figure 69 Fouling Level vs Change in Average RMS Current Draw Before and After 

Grooming Panels Coated with Intersleek 1100SR 

Figure 69 shows the change in current draw between the initial pass on the ungroomed 

surface and the second pass on the groomed surface for Intersleek 100sr. This delta being 

positive suggests that the average RMS current draw is greater when operating on an 

ungroomed surface than a groomed surface. Of all 77 trials performed, 85.7% had a 

positive delta. 11 trials had a negative delta and of these 72.7% were outside the scope of 

grooming. 21 trials were inside the scope of grooming and 85.7% of these trials had a 

positive delta between average RMS current draw measurements operating on ungroomed 

and groomed surfaces.  

In order to determine if the deltas on Intersleek 100SR were statistically significant a T-test 

was performed. The first data set was 6 deltas between clean before and after runs while 
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the second set consisted of 21 deltas between before and after runs inside the scope of 

grooming. The P value comparing the two sets is .1148 meaning the deltas are not 

statistically significant and it is only 89% likely the change in current found between the 

before and after samples is a result of the fouling present. 

 

Figure 70 Moving Average Current Plot Relative to INT1100SR Panel 9 from June 7th, 2019 

Figure 70 shows a plot of the moving average with a 100-sample window (black) as well 

as the average RMS current determined for the entire sample (red). The plot is shown 

relative to the panel INT1100SR panel 9 from June 7th, 2019. The total fouling level for 

panel 9 is 19. From 10000 ms to 13500 ms the grooming brush is passing through 

significant levels of encrusting bryozoans and the resulting moving average is significantly 

higher than the moving average between 13500 ms to 14500 ms where there is less fouling. 

The P value both runs when compared to the glass average was extremely low and it can 

bee said with 95% confidence that the change in current draw was a result of the changing 

of the surfaces. The P value found between the ungroomed and groomed runs was 0.1362 
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which is not statistically significant, and it can be said with 13.6% confidence that the 

change was a result of the fouling. 

 

Figure 71  Moving Average Current Plot Relative to INT11000sr Panel 12 from April 26th, 

2019 

The differences measured from the moving average when interacting with soft fouling was 

significantly less noticeable than the hard fouling samples (see Figure 71). The total 

fouling level on panel 12 was 11. The current draw after the surface was groomed, 

however, was less than the groomed surface. The P value both runs when compared to the 

glass average was extremely low at .0001 and it can be said with 95% confidence that the 

change in current draw was a result of the changing of the surfaces. The P value found 

between the ungroomed and groomed runs was extremely low at .0001 and it can be said 

with 95% confidence that the change in current draw was a result of fouling. 
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Figure 72 Histogram of Average RMS Current Measurements Separated into .1 Amp Wide 

Bins 

Figure 72 is a histogram of the current measurements on Intersleek 1100 separated into 

bins of .1 Amp width. The measurements inside the scope of grooming are black and those 

outside are red. The clean Intersleek 1100SR baseline was .58 Amps and of the 27 trials 

that had biofouling within the scope of grooming 70% of the average RMS current 

measurements were above the baseline. 

BRA 640 

The BRA640 panels were separated into three major categories based on their degree of 

fouling: clean baseline panels, soft fouling panels, and hard fouling panels. In general, the 

clean baseline and panels with soft fouling would be considered within the scope of 

grooming and those with hard fouling would be outside the scope of grooming. 
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Data Set Average RMS ± 

standard deviation 

(Amps) 

P Value when 

Compared to Clean 

Panel Set 

T Value when 

Compared to Clean 

Panel Set 

Clean Panel 0.76 ± 0.03 N/a N/a 

Soft Fouling Panels 0.91 ± 0.18 .0142 2.565 

Hard Fouling Panels 1.08 ± 0.20 .0001 5.0868 

Figure 73 T-Test Results on BRA640 

The average RMS current draw on clean BRA640 panels was 0.76 ± 0.03 Amps (mean ± 

standard deviation), panels with soft fouling had an average RMS current draw of 0.91 ± 

0.18 Amps, and panels with hard fouling had an average RMS current draw of 1.08 ± 0.20 

Amps. An unpaired T-Test was performed on the data sets, comparing the clean dataset 

with both the soft and hard fouling datasets (see Figure 73). 

The P value when comparing clean panel samples to hard and soft fouling panels indicates 

the difference is statistically significance. It can be said with 91% confidence that the 

change in current between clean panels and panels with soft fouling was a result of the 

fouling present. It can be said with 95% confidence that the change in current between 

clean panels and panels with hard fouling is a result of the fouling present. 
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Figure 74 Results Total Fouling Level vs Current Draw on Copper Ablative BRA640 

Figure 74 shows all 70 trials, samples of biofouling inside the range of grooming are in 

black and those outside the range of grooming are in red. The average RMS current draw 

on clean BRA640 panels is represented by the solid black line and the 95% confidence that 

the interval is represented with the dotted lines. The line of best fit shows that on BRA640 

there may be positive correlation between average RMS current draw and total fouling 

level, however the R-squared value is low at .1477. 
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Figure 75 Results of Fouling Level vs Current Draw for Trials Inside the Scope of Grooming 

Measured on BRA640 

Figure 75 shows a plot of just the trials on BRA640 that had biofouling inside the scope of 

grooming. A line of best fit shows that inside the scope of grooming there may be a 

negative correlation between total fouling level and average RMS current draw, however 

the R-squared value is low at .0219. 
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Figure 76 Results of Total Fouling Level vs Current Draw for Trials Outside the Scope of 

Grooming Measured on BRA640 

Figure 76 shows a plot of trials on BRA640 that had biofouling inside the scope of 

grooming. A line of best fit shows that outside the scope of grooming there may be a 

positive correlation between total fouling level and average RMS current draw, however 

the R-squared value is low at .2402. 
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Figure 77 Total Fouling Level vs Change in Average RMS Current Draw Before and After 

Grooming Panels Coated with BRA640 

Figure 77  shows the change in current draw between the initial pass on the ungroomed 

surface and the second pass on the groomed surface for BRA640. This delta being positive 

suggests that the average RMS current draw is greater when operating on an ungroomed 

surface than a groomed surface. Of all 70 trials performed, 44% had a positive delta. 39 

trials had a negative delta and of these 79% were outside the scope of grooming. 18 trials 

were inside the scope of grooming and 66% of these trials had a positive delta between 

average RMS current draw operating on ungroomed and groomed surfaces.  

In order to determine if the deltas on BRA640 were statistically significant a T-test was 

performed. The first data set was 6 deltas between clean before and after runs while the 

second set consisted of 18 deltas between before and after runs inside the scope of 

grooming. The P value comparing the two sets is .9115 meaning the deltas are not 

statistically significant and it is only 9% likely the change in current found between the 

before and after samples is a result of the fouling. 
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Figure 78 Moving Average Current Plot Relative to BRA640 Panel 6 from May 31st, 2019 

Figure 78 shows a plot of the moving average with a 100-sample window (black) as well 

as the average RMS current determined for the entire sample (red). The plot is shown 

relative to the panel it was sampled from, BRA640 panel 6 from May 31st, 2019. The total 

fouling level for the panel is 12.2. From 18000 ms to 19500 ms the grooming brush is 

passing through significant levels of barnacles and the resulting moving average is 

significantly higher than the moving average between 19800 ms to 20400ms where there is 

less fouling. It appears the severity of the biofouling is an indicator of the current draw of 

the grooming tool. The P value both runs when compared to the glass average was 

extremely low and this indicates with 95% confidence that the change in current draw was 

a result of the changing of the surfaces. The P value found between the ungroomed and 

groomed runs was .1417 which is not statistically significant, and this indicates with only 

14% confidence that the change was a result of the fouling. 
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Figure 79 Moving Average Current Plot Relative to BRA640 Panel 17 from April 26th, 2019 

The difference measured from the moving average when interacting with soft fouling was 

significantly less noticeable than the hard fouling samples (see Figure 79). The total 

fouling level on panel 17 was 15. The current draw after the surface was groomed was the 

almost same as the ungroomed sample. The P value for both runs compared to the glass 

average was .0001 and this indicates with 95% confidence that the change in current draw 

was a result of the changing of the surfaces.  While the panel is visibly altered, the current 

draw of the brush remained the same for both ungroomed and groomed conditions on 

BRA640.  
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Figure 80 Histogram of Average RMS Current Measurements Separated into .1 Amp Wide 

Bins 

The histogram of the current measurements on BRA640 is separated into bins of .1 Amp 

width (Figure 80). The measurements inside the scope of grooming are black and those 

outside are red. The clean BRA640 baseline was .76 Amps and of the 20 trials that had 

biofouling within the scope of grooming 90% of the average RMS current measurements 

were above the baseline. 

Sampling Window 

By interrogating the sampling window that contributes to each RMS value it is possible to 

get a more detailed story of the change in current draw for the entire run. For each run 

below the current sample was sectioned into 9 regions each 4 inches wide, the same 

diameter as the grooming brush used in the experiment. A T-test was performed between 

the RMS current samples of the first and second runs to determine if the change was 

statistically significant. The heterogenous nature of the fouling coverage becomes apparent 
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when viewing the panel in 4-inch sections, however, there was not always statistically 

significant change between the first and second runs. 

 

Panel 

Section 

1 2 3 4 5 6 7 8 9 

P 

Value 

.36 .17 .83 .93 .22 .85 .4 .04 .79 

Figure 81 BRA640 Panel 6 from May 31st, 2019 RMS Current Plotted with 100 Sample 

Window 

On BRA panel 6 from May 31st, 2019 (Figure 81) hard fouling was present in the form of 

barnacles that remained during the second grooming pass. Section 8 is the only section that 

saw statistically significant change between the first and the second run. Sections with only 
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soft fouling saw mixed results, however, on the section with statistically significant results 

the RMS current increased on the second pass. This increase in current supports the idea 

that the slime acts as a lubricant on BRA640. Sections with hard fouling saw inconsistent 

results with the RMS current increasing, decreasing, and in one case remaining the same, 

however, the findings were not statistically significant. It is noteworthy that despite not 

being able to distinguish change between the first and second grooming pass, it is possible 

to determine when the brush is interacting with hard fouling and when it is interacting with 

just soft fouling. 

 

Panel 

Section 

1 2 3 4 5 6 7 8 9 

P 

Value 

.51 .28 .77 .70 .66 .90 .38 .01 .01 

Figure 82 BRA640 Panel 17 from April 26th, 2019 RMS Current Plotted with 100 Sample 

Window 



97 

 

 
 

On BRA panel 17 from April 26th, 2019 (Figure 82) had only soft fouling, all of which was 

removed with the first grooming pass. While eight of the nine sections experienced an 

increase in RMS current draw between the first and second pass, only two sections were 

statistically significant. Though not statistically significant at this sampling window, this 

trend supports the hypothesis that on BRA640 panels a light slime acts as a lubricant on the 

first pass and once it is removed the roughness of the coating impacts the current draw 

significantly. 
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Panel 

Section 

1 2 3 4 5 6 7 8 9 

P 

Value 

.01 .37 .16 .61 .05 .55 .31 .01 .05 

Figure 83 INT1100SR Panel 9 from June 7th, 2019 RMS Current Plotted with 100 Sample 

Window 

On Intersleek 1100SR panel 9 from June 7th, 2019 (Figure 83) hard fouling remained after 

the first pass in the form of encrusting bryozoans, however, a large amount of soft fouling 

was removed. While all the sections experienced a reduction in the RMS current draw 

between the first and second pass, only four of them were statistically significant. Sections 

1, 8, and 9 consisted primarily of soft fouling and these all had a statistically significant 

reduction in RMS current draw. 
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Panel 

Section 

1 2 3 4 5 6 7 8 9 

P 

Value 

.01 .01 .04 .01 .01 .01 .04 .02 .58 

Figure 84 INT1100SR Panel 12 from April 26th, 2019 RMS Current Plotted with 100 Sample 

Window 

On Intersleek Panel 12 from April 12, 2019 (Figure 84) had only soft fouling, all of which 

was removed from the first grooming pass. Eight of the nine sections experienced a 

statistically significant reduction in the RMS current draw between the first and second 

pass. These results reaffirm the results from INT1100SR panel 9 (Figure 83) that found 

statistically significant reduction in sections that had primarily soft fouling and this may 

lead to a system for grooming line detection on fouling release coatings.  
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Sectioning of the panels proved to be a much more telling method of interpreting the RMS 

current draw and the effects of biofouling. With this method it became clear fouling release 

coatings support the hypothesis that the current draw of the brush can be used for grooming 

line detection. Further research is needed to understand the tribology surrounding 

antifouling coatings and this method may only prove effective in identifying macrofouling 

due to the inherent roughness already present on the coating. 
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Chapter 7 

Conclusion 

Underwater hull grooming is a revolutionary approach to ship hull husbandry that has 

potential to maintain ships free of fouling. The CCBC has developed and perfected a 

method by which frequent and gentle cleaning of a ship hull coating, when it is in port or 

idle, will prevent the establishment of fouling [2]–[6]. This thesis outlines the design of a 

tool suited for grooming and a method for calibrating the grooming tool power draw with 

known levels of biofouling and surfaces of known artificial roughness. The hypothesis was 

that with a calibrated brush a vehicle could detect the boundary between groomed and 

ungroomed surfaces and help correct cross-track position error by locating the vehicle 

relative to the last grooming pass. Findings conclude that the current draw from the brush 

is an indicator of the surface condition and fouling. However, due to the large variation in 

fouling that was present over the test surface for most of the trials no significant correlation 

was found between the total fouling level and the RMS current draw of the grooming tool. 

This is believed to be the major challenge to using the rms current draw and total fouling 

level as a metric to aid in navigation.  The data, however, provides insight into developing 

a pass-fail metric to determine if the brush is interacting with a groomed or ungroomed 

surface. It was also found that when the sampling window was reduced the effects of 

fouling on current draw were more apparent. The Intersleek coating provided promising 

results with most of the sections of soft fouling having a statistically significant reduction 

in current between the first and second runs. The current draw measured for the BRA640 

coating was found to increase with coating roughness, however, the presence of biofilms 

caused a reduction in current. This is believed to occur because the light slime in 

combination with the leach layer acts as a lubricant. The general conclusions are as 

follows: 
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• The power draw of brush interacting with an artificial roughness will increase with 

an increase in surface roughness and appears to follow a power curve with the 

asymptote in relation to the mechanics of the brush 

• A grooming brush operating on fouling release Intersleek 1100SR will require 

more power when interacting with soft fouling (FR20 or Less) than when operating 

on a groomed clean surface (FR0) 

• The increase in power required on an ungroomed fouling release surface is thought 

to be due to the work required to remove the fouling 

• A grooming brush operating on antifouling BRA640 will require less power when 

interacting with soft fouling (FR20 or less) than when operating on a groomed 

cleaned surface (FR0) 

• The reduction in power required on an ungroomed antifouling coating is thought to 

be due to the light fouling (FR20 or less) and leach layer acting as a lubricant and 

reducing the impact of the natural surface roughness of the coating 

• The heterogeneous nature of fouling growth makes interpreting brush current draw 

over a large sample window unrepresentative of the particular surface conditions 

affecting the brush  

• The duration of the RMS current measurements to obtain an average value must be 

made from samples taken while the brush is interacting with the fouling/surface in 

question. 
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Relationship between Current Draw and Surface Roughness 

The relationship between current draw and surface roughness was found to most closely 

resemble a power relationship that appears to asymptote in relation to the properties of the 

brush and the capabilities of the motor. A power fit curve of the lab results indicated and 

R-squared value of .98 whereas a linear fit revealed an R-squared value of .43 (Figure 55).  

The change in current draw on each of the artificial roughness’s was found to be 

statistically significant when compared to the glass baseline and the low P-value indicates 

with 95% confidence that this change is the result of surface roughness.  

Relationship Between Current Draw and Fouling 

The relationship between current draw and fouling level was different between fouling 

release Intersleek 1100SR and antifouling BRA640. The average current draw between a 

brush operating on a clean panel was found to be different than the average current draw of 

a brush operating on soft or hard fouling. This difference was found to be statistically 

significant for both Intersleek 1100SR (Figure 65) and BRA640 (Figure 73).  

A more detailed analysis made use of the total fouling level as a metric but no significant 

correlation between average RMS current draw and total fouling level was found.  This 

was due to the heterogeneity of the fouling communities that became established along the 

test run.  A significant difference may be obtained by using a shorter time frame over 

which the RMS current draw is averaged. 

On Intersleek 1100SR, individual runs through both hard (Figure 70) and soft fouling 

(Figure 71) were investigated. Observationally the moving average could be seen to 

correspond to the level of fouling encountered for hard fouling; however, the difference in 

average current draw for the before and after runs was not statistically significant. This was 

due to the heterogeneity of the fouling that became established on the test run.  For the 
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Intersleek panel with soft fouling the RMS current draw between the fouled and groomed 

surface was small, however, the averages of the before and after runs were found to be 

statistically significant in the case of soft fouling. 

Further analysis was done on the entirety of data collected on Intersleek 1100SR panels. 

The line of best fit for all trials on Intersleek 1100SR suggests there may be positive 

correlation between current draw and total fouling level, however the R-squared value is 

low at .2916 (Figure 66). Inside the scope of grooming there may be a positive correlation 

between total fouling level and average RMS current draw, however the R-squared value is 

low at .2362 (Figure 67Figure 66). Outside the scope of grooming there may be a positive 

correlation between total fouling level and average RMS current draw, however the R-

squared value is low at .1801 (Figure 68 ).  

On BRA640, individual runs through both hard (Figure 78) and soft fouling (Figure 79) 

were investigated. Observationally the moving average could be seen to correspond to the 

level of fouling encountered for hard fouling; however, the difference in average current 

draw for the before and after runs was not statistically significant. This was due to the 

heterogeneity of the fouling that became established on the test run as well as the influence 

of the surface roughness. For the BRA640 panel with soft fouling the RMS current draw 

between the fouled and groomed surface was small, however, the averages of the before 

and after runs were not found to be statistically significant. 

Further analysis was done on the entirety of data collected on BRA640 panels. The line of 

best fit for all trials on BRA640 suggests there may be positive correlation between 

average RMS current draw and total fouling level, however the R-squared value is low at 

.1477 (Figure 74). Inside the scope of grooming there may be a negative correlation 

between total fouling level and average RMS current draw, however the R-squared value is 

low at .0219 (Figure 75). Outside the scope of grooming there may be a positive 

correlation between total fouling level and average RMS current draw, however the R-

squared value is low at .2402 (Figure 76). 
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BRA640 is a naturally rougher surface than Intersleek 1100SR and it is believed that this 

roughness was the cause of a lot of noise and why trials preformed on Intersleek 1100SR 

had stronger correlation. Additionally, at low levels of fouling the biofilm may act as a 

form of lubricant or fill in the roughness of the surface and lower the required current to 

operate. 

Both Intersleek 1100SR and BRA640 experienced fouling outside of the range of 

grooming. After 4-weeks hard fouling began to settle and the brush not only had to remove 

the soft fouling but also maintain speed when encountering the hard fouling. This overall 

increase in demand due to hard fouling may make it more difficult to detect the change in 

current draw due to the biofilm alone. 

Pass – Fail Threshold 

Pass-fail lines can be made for known levels of biofouling within the scope of grooming by 

finding the average RMS current draw of the brush across multiple trials within a particular 

range of fouling. If the average RMS current of the brush is above the pass-fail threshold, it 

can be predicted that the brush is encountering that level of fouling. For navigation this 

threshold could be used to determine if the brush is operating on the groomed or 

ungroomed surface and locate itself with respect to the grooming line. 

The pass-fail threshold was found as the average RMS current draw of the brush operating 

on a clean surface. For BRA640 the average RMS current draw on a clean surface was .76 

± 0.03 Amps and was .58 ± 0.04 Amps for Intersleek 1100SR.  

BRA640 showed promising results for the pass-fail test with 90% of the samples within the 

scope of grooming were above the pass-fail line (Figure 80). Intersleek was less successful 

with only 70% of possible samples falling above the line (Figure 72). This would imply a 

90% confidence level in correctly identifying biofouling on BRA640 and a 70% 

confidence on Intersleek 1100SR.  
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It is believed that BRA640 was more successful because it is an antifouling paint rather 

than a fouling release coating. Intersleek 1100SR is designed to require the minimum 

amount of energy to remove biofouling from the surface and thus requires less of an 

increase in current for the brush to operate. BRA640 however requires more torque to 

remove the biofouling and the current draw is more likely to reach the pass-fail threshold. 

Recommendations for Future Work 

Sampling Window 

Investigation into the ideal sampling window is essential to making sense of the current 

draw of the motor traversing a fouled hull with a diverse heterogenous distribution of 

fouling. Too large and the effects of the fouling is lost in the noise, too small and the 

sample will not be an accurate representation of the current draw of the brush. The ideal 

window will also be dependent on the equipment being used and will change with brush 

size, brush material, brush speed, motor selection, the coating being groomed, and fouling 

conditions. Finding a proper method to determine the ideal window would mean these 

aspects could be tested for and the window size adapted for all conditions. 

Reduce Aliasing 

Aliasing is the loss of precision when measuring an analog signal with a digital device. 

Precision can be lost due to many factors including random noise, however there are 

several ways to reduce aliasing and increase confidence in the current measurements. 

Reducing aliasing would increase the confidence in the current measurements collected 

throughout this thesis and result in greater confidence of predicting the location of the 

grooming line.  
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Sampling Rate 

Though the sensor was able to capture the commutation of the motor there is still room for 

improvement to sample above the Nyquist frequency, greater than 1.66kHz. This would 

make the sample the most accurate representation of the RMS Analog Signal being 

measured from the F.W Bell NT-15 Current Sensor.  

ADC Resolution 

The Arduino UNO was used due to familiarity with the hardware and software language. 

The Arduino UNO features an ADC with 10-bit resolution, when operating in a range of 

±2.5V that the current sensor will output the 10-bit ADC has a resolution of 4.8mV/bit. 

Making use of a microcontroller with a 16-bit ADC with a range from 0 to 32767 would 

result in a resolution of 0.15mV/bit.  

Current Sensor Nominal Operating Current 

The initial sensor was chosen to allow inspection of the spike current that occurs when the 

BLDC motor first starts. The F.W. Bell NT-15 current sensor operates a nominal current of 

15A with an accuracy at room temperature of less than ±.3%, or ±.045A. F.W. Bell offers 

a sensor with a lower nominal current of 5A with the same accuracy of ±.3% and would 

reduce the error to ±.015A [48]. This change would increase the confidence in the accuracy 

of the current measurements in the target range seen while grooming. 

Additionally, the ADC corresponding to a smaller current range will increase the 

resolution. The 10-Bit ADC operating on a 15 Amp range had a minimum resolution of 

29.3mA/bit. Using a 10-Bit ADC operating on a 5 Amp range results in a minimum 

resolution of 9.7mA/bit.  
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Ideal Sensor 

Making use of a 16-bit ADC as well as reducing the range of the current sensor to 5 Amps 

will increase the resolution to .3 mA/bit. 

Artificial surfaces 

Lab calibration showed promising correlation between surface roughness and average 

RMS current draw however there is a large data gap between the roughness of most of the 

artificial surfaces and the roughest surface. Calibrations should be run on other known 

surfaces roughness’s. 

Biofouling Growth 

160 samples of biofouling were cataloged and groomed, however, only 47 were in the 

acceptable range of grooming. Panels that were exposed for 4 weeks developed barnacles 

that could not be removed by the brushes. This time frame is outside of standard grooming 

practices and it is the recommendation that future work be done on 1- and 2-week intervals 

with any fouling being completely scraped back between trials. 

Though much of the data involved fouling levels not suited for grooming, additional work 

may lead to a calibrated grooming brush which could be used for inspections of hulls to 

quantify a wide range of fouling levels and surface conditions. 

Total Fouling Level 

The method of quantifying biofouling used in this thesis was derived from the existing 

NSTM fouling rating system and percent fouling coverage. Combining these methods 

resulted in the total fouling level metric which allowed the surface condition to be 

quantified into a single number for comparison to current draw. While this was convenient 

for comparing between panels, in practice it was clear that the surface was very rarely 
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uniform and often quite chaotic. Finding a method of relating the instantaneous change in 

current draw with the instant that the biofouling is encountered may lead to a viable 

method of identifying the surface condition. 

Machine Learning 

With the use of machine learning, it may be possible to interpret the total fouling level on 

the surface of the hull while grooming is happening. With a forward-facing camera the 

vehicle could quantify the fouling, then groom the surface and interpret how the tool 

responds to the known level of fouling. This could lead to a continually improving 

algorithm for distinguishing levels of biofouling.  
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