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Abstract: Fouling organisms reduce a ship’s fuel efficiency and disturb the ecosystem. Therefore,
the International Maritime Organization (IMO) and many nations have enacted laws that mandate
periodic hull cleaning for removing fouling organisms. However, cleaning niche areas of the ship
hull is extremely difficult. Due to their complex shape, applying antifouling paint and cleaning with
hull cleaning robots is difficult, but about 80% of fouling organisms are concentrated in the niche
areas. To resolve this issue, this research proposes the use of an autonomous cleaning robot with a
hydraulic polyarticular robot arm to clean niche areas of the ship hull. This robot can approach niche
areas of the ship hull with complex shapes using its polyarticular arm. It was designed to be able to
scan the cleaning area, establish a cleaning plan, and clean accordingly. This robot autonomously
cleaned a propeller blade, which is a typical niche area of the ship hull, to verify the applicability of
this system. The experiment results show that approximately 80% of the biofouling was removed
from the hull crevices and 81% of the cleaned biofouling was recovered.

Keywords: biofouling; hydraulic manipulator; autonomous cleaning system; path planning; ship
hull niche area; laser scanning

1. Introduction

Bio-fouling refers to the accumulation of aquatic organisms such as thoracican bar-
nacles, oysters, pyuridae, and styela clava on the ship surface exposed or inundated
underwater. These organisms increase the friction on the ship’s surface when the ship
moves and reduce the fuel efficiency of the ship. The fuel efficiency could be reduced
by up to 40% due to fouling organisms, which is, in monetary terms, is equivalent to
USD 100 billion worth of annual damage worldwide [1–3]. In addition, fouling organisms
induce warm currents on the ship surface and cavitation and reduce the performance of the
sensor installed on the ship floor [4]. Furthermore, ecosystem disturbance issues occur as
the attached organisms migrate and breed along with the ship’s movement, and domestic
and foreign fouling organisms spread domestically or abroad [5].

To prevent the spread and movement of such fouling organisms, management guide-
lines for minimizing the transfer of fouling organisms were adopted and approved at the
65th session of the Marine Environment Protection Committee (MEPC) in 2011 [6]. More-
over, the International Maritime Organization (IMO) decided to revise the “Guidelines
for Fouling Organisms Control and Management” to prevent the introduction of invasive
species and protect the marine environment, and the “2019 Glofouling Partnership Project”
is underway to enact the convention. Additionally, many nations including Australia,
the United States, New Zealand, and Indonesia have begun to strengthen the regulations
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relevant to fouling organisms. Therefore, technologies for removing and controlling fouling
organisms are required for the newly regulated standards by the IMO and many nations,
and the underwater robots may be a great solution to satisfy the regulations in these
industries [7].

However, removing fouling organisms in niche areas is significantly challenging.
The ship hull can be distinguished into the flat hull surface and niche area. The flat hull
surface refers to the flat parts of the hull including the side bottom, flat bottom, etc.,
and most of the ship hull corresponds to this area. Here, antifouling paint is easily applied
and managed so that the growth of fouling organisms is slow, and magnetic cleaning robots
can be used to easily clean the area due to its flat form. In contrast, the niche area refers to
the area composed of various materials and complex shapes such as the propeller, rudder
hinge, and bilge keel. Therefore, applying antifouling paint to these regions of the ship is
difficult, yet 80% of fouling organisms are concentrated on these regions. In addition, due
to the uneven form of the niche areas of the hull, cleaning robots that attach magnetically
cannot clean these areas [8]. Thus, divers are employed to clean the areas at their own risk,
and new automated cleaning methods are urgently required for the niche areas of the hull.

This research presents a robot system that uses a multi-degree-of-freedom hydraulic
manipulator for removing the bio-fouling of the niche areas of the hull (Figure 1). This
system was created to be able to approach, with the multi-degree-of-freedom robot arm,
areas that were difficult to approach with existing hull cleaning robots. To remove fouling
organisms with strong adhesion, a hydraulic operation method that allows for the delivery
of significant strength was chosen. Additionally, a laser scanner was installed in the middle
of the robot arm so that it could scan the cleaning area according to the movement of the
robot arm. Furthermore, a cleaning brush was installed at the end, which was designed to
be used to remove and retrieve fouling organisms.

Figure 1. Proposed autonomous cleaning robot with a manipulator for niche areas.

Additionally, various algorithms were applied in this cleaning system for autonomous
cleaning. First, the cleaning of the entire autonomous ship hull niche area was divided
into the scanning stage, planning stage, and cleaning stage. Then, the recognition of each
cleaning area, generation of cleaning paths that cover all cleaning areas, and controlling the
hydraulic robot for precise cleaning were designed so that the robot could proceeded au-
tonomously. To select the cleaning area, the point cloud data obtained from the laser scanner
were matched with the reference data, and a dynamic simulator and a full coverage path
generator were used to extract the valid area for robot arm cleaning. Moreover, the location
and positioning of the robot arm cleaning tool were modulated using a velocity controller
for precise control of the hydraulic robot to propose an autonomous cleaning system.



J. Mar. Sci. Eng. 2023, 11, 973 3 of 24

Key contributions of this paper can be summarized as follows:

- We proposed and developed a novel autonomous cleaning robot based on a multi-
degree-of-freedom hydraulic manipulator that can access and clean crevices for clean-
ing the niche area of a ship: (Section 3).

- In order to develop a fully autonomous cleaning platform, we proposed an au-
tonomous system that can recognize and manage the scanning, planning, and cleaning
phases by itself: (Section 4).

- We developed a laser scanner and algorithm that can recognize cleaning zones and
autonomously generate fully coverage paths using only scanning information of a
part of the target: (Section 4.1).

- We proposed the use of a dynamics simulator in the planning phase to solve singularity
problems and collisions with the hull that may occur during cleaning: (Section 4.2).

- We implemented the developed multi-degree-of-freedom manipulator-based au-
tonomous cleaning system in a real tank environment and performed performance
verification: (Section 5).

2. Related Works

The IMO and MEFC continue to set standards for biofouling inspection, removal,
and recovery methods to prevent biofouling from disrupting ecosystems, polluting the
environment, and reducing ship fuel efficiency. In particular, there are not only problems
caused by biofouling growth, but also marine pollution caused by biofouling cleaning and
severe effectS on the environment caused by harmful chemical elements (e.g., organotins,
tributyltin) in anti-fouling paints [9]. Therefore, IMO and MEFC are preparing regulations
for both biofouling cleaning and recovery [10]. To this end, an IMO document presented
control guidelines for biofouling (2011) [6], and the correspondence groups were formed
and a bio-fouling management plan was presented. They discussed conducting periodic
inspections of the ship’s hull and mandatory submission of inspection reports in the IMO
sub-committee on pollution prevention and response (PPR9). It was also discussed to
enforce proactive cleaning and reactive cleaning based on the fouling rating (FR) of the
inspection report [11,12]. Proactive cleaning can be performed within 10 µm of antifouling
paint damage without bio-recovery obligations when the FR rating is less than 1. Reactive
cleaning can be performed between FR ratings 1 and 3 with 10 µm of paint damage, 95%
recovery by mass, and 99% recovery of 10 µm organisms. It was discussed that dry dock
cleaning should be performed in the case of an FR rating 3 or higher [11,12].

In the marine environment, biofouling grows from the micro-fouling stage (e.g., condi-
tioning film, non-adherent bacteria), which is less than 1 mm thick, to the macro-fouling
stage (e.g., bacteria, diatoms, macroalgae, larvae of invertebrates and invertebrates), which
is more than 1 mm thick, such as diatoms, algae, and larvae [13–15]. The U.S. Naval
Research Laboratory found that macro-fouling is distributed at 15% after a ship has been
in service for 1–2 months, increasing to 61% after 3–5 months, and that the macro-fouling
growth stage typically begins after 3 months [16]. Therefore, proactive cleaning can be
performed at 1–2 month intervals, and reactive cleaning is required at intervals longer than
3 months [1].

The ship-hull-cleaning robot system can be largely classified into hull-attached and
floating robots according to the vehicle type, and the cleaning methods can be divided into
contact cleaning and a contactless cleaning methods according to the cleaning method [17].

Hull-attached robots are attached to the flat hull using magnetic wheels or pressure
adsorption force, and they clean the biofouling using rotary brushes [18,19]. Most of these
systems are operated by users through tele-operation. Recently, vehicle positioning and
path planning studies have been conducted to develop an autonomous hull-cleaning system.
The optical displacement sensor-based position estimation method was proposed for an
autonomous hull-cleaning robot [20], and the optimal waypoint path planning method was
proposed to guarantee the shortest travel distance and minimal energy consumption while
ensuring the visiting of the robot [17,21]. Recently, the underwater ship hull-cleaning robot
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design by attaching two-manipulator arms to a remotely operated vehicle was proposed
and validated in a simulation study [22].

Floating cleaning robots use a remotely operated vehicle (ROV) with the hull-cleaning
devices; these robots can be divided into high-pressure-water cleaning jet and cavitating
water cleaning jets, depending on the cleaning methods. These robots can access and
clean the flat hull space and niche areas; they do not damage the hull surface owing to the
attaching force when they move. However, the pose of a floating robot is hard to maintain
owing to the reactive force of the water jet. A significant number of studies on cleaning-tool
mechanisms and robot designs have been conducted [23,24].

The proposed robotic system can be organized in the form of a robotic arm attached
to a hull-attached robot, and the robotic arm can be used to clean nearby niche areas and
flat hulls. It is also expected to be installed in a hull cleaning plant organized in the form
of a berthing facility to clean the hull of a docked ship. In this study, we propose core
technologies for this purpose: autonomous hull sensing and recognition, autonomous path
planning, and autonomous cleaning.

3. Hardware Configuration of Niche Area Cleaning Robot

For the autonomous cleaning of the niche areas of the ship hull, a cleaning system was
established, as shown in Figure 1. This system consists of a hydraulic robot arm with six
joints (UW3, KnR Systems™), a laser scanner installed in the body of the fifth robot arm,
hydraulic one-axis rotational cleaning tool, and fouling organism retrieval device.

3.1. Six-Degree-of-Freedom Hydraulic-Driven Manipulator Arm

The parts if the six-degree-of-freedom hydraulic robot arm that approaches the niche
areas of the ship hull are shown in Figure 2. This robot arm consists of six links (three pitch
joints, two yaw joints, and one roll joint), and the UW3 of the KnR systems was enhanced
to fit the workspace of the niche area of the hull. The workspace and payload of this robot
arm when stretched to a maximum were 2121 mm and 120 kgf, respectively. The cleaning
direction and cleaning tool design proceeded for the niche area of the hull based on the
hardware composition of the robot arm.

Figure 2. Hardware configuration of niche area cleaning robot.

This robot arm was used to recognize the niche areas of the hull, a laser scanner was
installed at the fifth link for cleaning, and a cleaning tool was installed at the end of the
sixth shaft. Therefore, the robot had been designed to allow modulation of its scanning path
by controlling the location and positioning of the fifth link and to allow for the modulation
of its cleaning path by controlling the location and positioning of the end of the robot arm.
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3.2. Underwater Laser Scanner

The underwater laser scanner consists of a laser transmitter and an optical camera
(Figures 3 and 4). The laser transmitter transmits line lasers in a constant direction, and the
optical camera captures the location PN(x, y, z) of the feature that forms on the target object
to estimate this on the two-dimensional image plane pN(u, v) [25–27]. To extract the three-
dimensional object data based on the features in this manner, a projective transformation
matrix W TI between the image coordinate system and robot coordinate system (or world
coordinate) must be derived, and this can be determined in the calibration phase.

The calibration phase is shown in Figure 3a. When placing the checkboard in front of
the underwater laser scanner, we could estimate the location and positioning in the world
coordinate through image processing, because the grid size and spacing of the checkerboard
are known, and the two-dimensional pixel address of the laser scanner data can be known
from the camera image. Thus, the projective transformation matrix that minimizes the error
by using these two can be derived. In preliminary experiments, the calibrated laser scanner
had a mean error of 2.87 mm at a distance of about 1.4 m (σ2 = 4.35 mm).

To acquire reliable point cloud data from a relatively broader area, the underwater
laser scanner was fixed to the fifth link of the hydraulic robot arm (Figure 2). Furthermore,
the calibration phase occurred underwater, as shown in Figure 3a, to determine the projec-
tive transformation matrix of the composed environment [28]. In addition, the scanning
path of the robot arm was programmed to move through the lawnmower path to extract
the data from the broad niche cleaning area using the two-dimensional line laser. The point
cloud data obtained here were reconstructed.
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Figure 3. Cont.
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(b)

Figure 3. Concept of the underwater laser scanner. (a) Calibration phase of projective transformation
matrix. The projective calibration matrix is derived using two positions PC and pI . (b) Position
estimation phase in camera coordinate. After calibrating the projective transformation matrix,
the position of the laser point in camera coordinate is calculated using 2D position in image coordinate.

Figure 4. Setup of laser scanning system in robot system.
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3.3. Brush Tool and Recovery System

For direct cleaning of the fouling organisms, a cleaning device that includes an elastic
cleaning brush was installed at the end of the robot arm. The cleaning device rotates
because it is directly connected to the rotating hydraulic motor, and it separates the fouling
organisms from the ship by force. Additionally, the retrieval device installed at the bottom
of the cleaning device was designed to collect the fouling organisms that fell using an
external absorption motor.

To determine the optimal brush strength, length, and motor rotating velocity, and to
design the retrieval device, analyses were performed using computational fluid dynamics
(CFD). Consequently, the cleaning brush was installed at a 15◦ inclination, and only certain
parts of the brush were designed to make contact with the cleaning area to concentrate the
cleaning intensity. Furthermore, the guide vane was formed at the bottom for collection
(Figure 5).

Figure 5. Hydraulic-driven brush tool and suction system.

3.4. Robot Body

The robot body was connected to the six-axis motion platform at the top of the water
tank, and the motion platform was connected to the towing carriage and fixed. The six-axis
motion platform was designed so that it could change the location and positioning of the
robot, and implement the six-degrees-of-freedom motion. A multi-beam echo sounder was
installed onto the robot body to enable the recognition of the surrounding topography,
among others, near the ship, and a hydraulic compensator was installed to compensate
for the water pressure depending on the depth of the robot. In particular, this was used
to recognize the approximate location of the niche area, and the laser scanning path was
planned and controlled based on these data to obtain the relative location and positioning
of the robot and the niche area (Section 4.3).

4. Autonomous Niche Area Cleaning System

The algorithm flowchart for ship hull cleaning is shown in Figure 6. For this robot,
the stages of cleaning were distinguished into the scanning, path planning, and cleaning
stages. Furthermore, the recognition of each cleaning area, the generation of cleaning paths
that could cover all cleaning areas, and hydraulic robot control for crevice cleaningwere
designed to proceed autonomously.
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Figure 6. Algorithm flowchart of the autonomous niche area cleaning system.

The laser scanning stage was composed of point cloud scanning, point cloud data and
reference data matching, and relative distance estimation processes. First, the laser scanner
installed at the fifth link of the robot arm was used to scan the entire or a part of the cleaning
area. Here, to obtain a point cloud that is uniform over a broad area, the positioning of the
fifth link was maintained to set the scanning path as the lawnmowing path, and this setting
was run. The path point here was arbitrarily set up based on the scope of the underwater
laser scanner’s scanning and the resolution. Later, the point cloud data gained from the
laser scanner were matched with the reference data using the iterative closest point (ICP)
algorithm. When the matching error converged to a certain level or below, the image
location value obtained from the scanner and the laser scanner location value was used to
acquire the positioning value and the relative distance between the point cloud and the
robot (detailed in Section 4.2).

In the path planning stage, region of interest (ROI) extraction, full coverage path
generation, and re-setting of the cleaning path based on the dynamic simulator proceeded.
First, the ROI was set to define the niche area among the point cloud data obtained in the
laser scanning stage. Here, the depth value between the point cloud data and ROI as a
reference was used for the differentiation. To clean all areas within the ROI, the full coverage
path planning was performed considering the cleaning direction. Later, the dynamic
simulator was used to verify whether the area could be cleaned and for any collisions with
the robot arm body. Then, the cleaning path planning that removes problematic areas was
established (detailed in Section 4.3).

In the cleaning stage, the location of the end of the robot arm was controlled to run
the cleaning path established during the path planning stage. The velocity of the six joints
was controlled to modulate the end of the hydraulic robot arm, and the geometric Jacobian
matrix was used to calculate the velocity of the joint for controlling the target location of the
robot end. To correct the control errors, a proportional-integral (PI) controller was designed.
Additionally, the singular value decomposition (SVD) was calculated together at every
moment during the inverse kinematics calculation to resolve issues of singularity, control
input divergence, etc., that could arise during the control. Furthermore, the control was set
up to stop when a singular value equal to or below a certain value was derived (detailed in
Section 4.4).
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4.1. Location and Positioning Estimation between the Robot and Niche Area Using Point
Cloud Data

While the laser scanner introduced in Section 3.2 scans with the lawnmower path,
the point cloud could only be acquired for the center point of the robot arm scanning and
for certain areas or the entire area depending on the relative distance. In particular, while
generating the scanning path of the robot arm, the scanning range could be rapidly reduced
depending on the surrounding objects or the structure, so the niche cleaning area data
could only be obtained through partial scanning data. To overcome this problem, matching
was performed between the sensor data obtained using the laser scanner and the existing
precise 3D computer-aided design (CAD) model. Here, the precise 3D CAD model could
be obtained through the manufacturing blueprint or scanning during dry docking.

Matching between the point cloud data obtained from the laser scanner and the
precise 3D CAD model was performed through the ICP algorithm [29]. ICP is an algorithm
that repeatedly performs transformation, translation, and rotation to seek the minimum
Euclidean distance between two point cloud datasets. The distance was determined through
the following equation.

E(T) = ∑
(p,q)∈K

‖p− Tq‖2 (2)

This algorithm determines the aligned matrix that has the minimum Euclidean dis-
tance between the point cloud data obtained from the laser scanner and the precise 3D CAD
model (Figure 7). Here, the align function obtained was used to estimate the correlation
between the point cloud data and CAD model, and when this is used with the homoge-
neous transformation matrix from Section 3.2, the location and positioning between the
robot body and niche area can be estimated (Section 5.2). However, in case the point cloud
data obtained from the laser scanner are significantly small and only represent the local
minimum or the number of barnacles is high and the niche area shape is deformed, the ICP
matching error becomes significant. In these cases, the point cloud and CAD model may
not match well. To prevent this, the scanning path was reset, and the point cloud data were
obtained again when the ICP error value resulted in a certain value or above.

Figure 7. ICP matching to achieve the aligning matrix.
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4.2. ROI Extraction and Optimal Cleaning Path Generation

To set the cleaning area, the ROI of the hull and other data must be distinguished from
the point cloud. In general, the red, green, and blue (RGB) data, feature data, or depth data
obtained from the laser scanner could be used as boundary data for distinguishing the ROI.
In this algorithm, the matched three-dimensional CAD point cloud data were projected
onto the YZ plane, and the X-axis data were used as the depth data to extract the boundary
data. The boundary that the depth data of the point cloud belonged to that corresponded
to the niche area was set as the boundary contour based on the three-dimensional CAD
data and scanning data, and the area within this contour was designated as the ROI [30,31].

Then, a full coverage path generator that could clean inside the ROI was developed.
The tool that we used had a 15◦ inclination in the direction of the pitch so that the cleaning
area and cleaning efficiency could be adjusted according to the cleaning direction (Figure 5).
Therefore, the cleaning path had to be set up in the top-to-bottom direction so that the
cleaning tool that we designed would clean optimally. For this purpose, full coverage
path generation that could account for the cleaning direction was performed (Figure 8) [32].
To consider the degree of freedom of the robot arm described in Section 3.1 and the
brush characteristics discussed in Section 3.3, the main line angle was set to 0◦, and the
distance between the main lines was set based on the area of contact of the cleaning brush.
Furthermore, the auxiliary segment that connects the main line was set as a movement
section where no cleaning was performed, and it was generated as a path point for moving
to the next main line.

Figure 8. Process of ROI extraction and path planning.
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Later, the three-dimensional six-degree-of-freedom cleaning brush path point (WPi)
was extracted from the ith path point (wpi) as follows within the ROI that was projected
onto the YZ plane.

WPi =



Xi
Yi
Zi

Rolli
Pitchi
Yawi


W

=

[
PCi
−~n

]
W

(3)

Here, PCi is the closest point cloud data element from the two-dimensional path point
wpi, and ~n is the normal vector value of PCi. Additionally, the trajectory planner was
determined according to time using the cubic polynomial method for the regional path
between the current path point WPi−1 and target path point WPi. The desired position pdes

and desired velocity ṗdes at time t obtained through this was used in the robot arm velocity
controller to generate control input for the robot arm end at the task space [33].

However, the robot arm could not always follow the path point generated by the tra-
jectory planner and the regional path. An inappropriate target velocity and inability to esti-
mate the location of the target could arise owing to the workspace and singularity that the
robot arm has, and collision could occur between obstacles and the link depending on the
robot arm’s movement in complex spaces. To resolve this issue, the kinematic constraints
of the robot arm and collision with the surrounding environment were autonomously
considered using a dynamic simulator before the cleaning stage. By autonomously revising
the input as path points and regional paths that can be cleaned after determining the avail-
ability of the robot for cleaning and collision possibility based on the current environment
data in the dynamic simulator, the matched niche area data, and control input data of each
robot arm joint, the issues that may occur during cleaning were minimized (Section 4.3).

4.3. Collision Check and Non-Collision Path Planning with Dynamic Simulation

To determine the full coverage path planning, the collision detection contact between
the brush tool frame and propeller of the ship hull was simulated. A dynamic model
for a cleaning robot system was developed using DAFUL software based on a multibody
dynamics formulation (DAFUL, ANSYS Motion™). The dynamic model proposed a rigid-
body cleaning robot dynamics model, rigid-to-rigid-body contact model, and their control
algorithm. They then employed integration for co-simulation with DAFUL and MATLAB
Simulink software. The developed dynamics model comprised a robot frame, 6-DOF
manipulator, and propeller, as shown in Figure 9. It can consider 14 bodies, 14 joints,
and one force element.

Figure 10 shows the definition of the topology of the cleaning robot system with
respect to the relationship between each body; where, “R”, “S”, “U”, and “T” indicate
revolute, spherical, universal, and translation joints, respectively. Furthermore, “F” denotes
the force element owing to the contact between the tool brush and propeller bodies, and that
between the base frame and propeller. Consequently, the dynamic model of the cleaning
robot system has eight DOF.

Tables 1 and 2 list the properties of the body and joint elements. The body’s parameter
represents the mass and inertia tensor on a three-dimensional plane. Joint type as well as
relationship of inner and outer body are represented based on multibody kinematics. Here,
we consider the principal moment of inertia with respect to the inertial reference frame in
Figure 9, and affect to the joint friction and underwater drag force regard as zero.
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Figure 9. Dynamic model composition in DAFUL simulator.

Figure 10. Kinematic topology of cleaning robot system.
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Table 1. Parameter configurations of body and force elements.

No. Body Name Mass (Kg)
Inertia (Kg·m2)

Ixx Iyy Izz

1 Base frame 201.75 41.75 67.25 84.4
2 UW Base 38.66 0.26 0.41 0.32
3 Boom 110.77 0.94 8.41 8.59
4 Piston B 2.87 1.00 × 10−3 0.04 0.04
5 Cylinder B 9.72 0.01 0.12 0.13
6 Arm 72.73 2.29 2.23 0.41
7 Piston U 2.87 1.00 × 10−3 0.04 0.04
8 Cylinder U 8.81 0.01 0.08 0.09
9 Pitch wrist 29.20 0.16 0.24 0.26
10 Yaw wrist 31.18 0.47 0.17 0.08
11 Tool bracket 18.97 0.14 0.17 0.08
12 Tool brush 23.93 0.19 0.22 0.11
13 Propeller 299.71 28.27 16.75 17.23
14 Propeller frame 2968.58 872.57 868.98 852.16

Table 2. Parameter configurations of joint elements.

No. Joint Type Inner Body Outer Body

1 Revolute joint Base frame UW Base
2 Universal joint UW Base Piston B
3 Translational joint Piston B Cylinder B
4 Spherical joint Cylinder B Boom
5 Revolute joint Base frame Boom
6 Revolute joint Boom Arm
7 Universal joint Arm Piston U
8 Translational joint Piston U Cylinder U
9 Spherical joint Cylinder U Boom
10 Revolute joint Arm Pitch wrist
11 Revolute joint Pitch wrist Yaw wrist
12 Revolute joint Yaw wrist Tool bracket
13 Revolute joint Tool bracket Tool brush
14 Revolute joint Propeller frame Propeller

To detect the joint angles of the manipulator when each body experiences a collision,
penetration using the Hertz contact model was examined [34]. In the rigid-to-rigid-body
contact model using the DAFUL software, the two contact surfaces of the bodies must be
determined. Therefore, pitch wrist, yaw wrist, and tool bracket bodies that can collide with
the propeller body may be chosen. The Hertz contact model is expressed in Equation (4).
Here, δ is the penetration between two bodies, Kp and Cp are spring and damping coef-
ficients, with values of 0.01 N/m and 0.01 N/m/s, respectively. The parameter values
were small because the contact force was not considered, whereas the penetration and joint
angles when generating collisions were considered (Figure 11).

Fc = Kpδ + Cp δ̇ (4)

The entire simulation process of the developed co-simulation model is illustrated in
Figure 12a. First, the propeller depth was obtained as point cloud data using an underwater
laser scanner. Subsequently, the global trajectory was generated using a path planning
algorithm [32]. Here, the perpendicularity between the tool brush surface and propeller
blade surface was maintained as a constraint. Therefore, by applying the initial position,
path, and desired velocity to the inverse kinematics algorithm with a cleaning robot
system, the global position was transformed into local joint angles and angular velocities.
Then, the plant model of the cleaning robot system was moved to each position and
attitude, and the penetration was verified using the contact model. The feedback loop was
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designed for the pi-controller to fix the position error. An environment of co-simulation was
developed and integrated in the MATLAB software, as shown in Figure 12b [35]. This study
considered only the right-down blade of the propeller and performed global path planning.

Figure 11. Definition of contact area between brush tool and propeller.

(a)

(b)

Figure 12. Simulation process. (a) Block diagram of collision detection algorithm. (b) Integration of
co-simulation process.

The simulation results indicate that the penetration proceeded to the yaw wrist and
tool bracket bodies at 8–10, 25–32, and 48–60 s, as shown by the blue line in Figure 13.
However, the pitch wrist body did not make contact with the propeller. In addition,
the amplitude of the detected penetration was less than 0.3 mm.
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Figure 13. Post-process of contact detection signals.

Using these results, the global trajectory was re-generated without collision with
the propeller, as shown in Figure 14. Here, the blue line indicates the initial global path,
and the red dotted line indicates the modified non-collision global path obtained using
the proposed detection algorithm. In this case, the modified path covered approximately
85% of the propeller blade. Due to the fact that the perpendicularity of the tool brush to
the propeller blade was set as a constraint, the cleaning coverage can be low. Finally, when
the non-collision global path was applied as the input data, collision did not occur in the
propeller body, as indicated by the red dotted line in Figure 13. Therefore, the proposed
method can be used to detect and avoid propeller collisions during the operation of the
cleaning robot system.

Figure 14. Kinematic analysis of the cleanable area on the propeller.
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4.4. Velocity Controller Development Using the Geometric Jacobian
4.4.1. Geometric Jacobian Matrix Derivation

The geometric Jacobian matrix is generally used to mathematically express the rela-
tionship between the joint space and workspace. This is induced to define the relationship
between the joint velocity and robot arm end-effector twist using geometrical data [36].
The geometric Jacobian matrix can be expressed as follows:

Jg =

[
JP1 JP2 JP3 JP4 JP5 JP6

JO1 JO2 JO3 JO4 JO5 JO6

]
(5)

Here, JPi is a 3 × 1 matrix that denotes the partial differential relationship equation
for the ith position. JOi is a 3 × 1 matrix that denotes the partial differential relationship
equation for the ith orientation. The robot arm that we used had a total of six joints;
therefore, a relationship equation for six joints was derived. Jg was represented as a 6 × 6
matrix. Here, JPi and JOi can be determined as follows.

JPi = zi−1 × (P− pi−1)

JOi = zi−1
(6)

where P and p(i−1) indicate the location of the end of one robot arm and the location of
each joint, respectively, based on the basic coordinate system. p(i−1) can be derived at the
first three elements of the fourth column of the transformation matrix T0

n . Additionally,
zi−1 is the joint axis vector of each joint, and it can be expressed as follows:

zi−1 = R0
1(q1) . . . Ri−2

i−1(qi−1)z0 (7)

where Ra
b refers to the rotation matrix from joint a to joint b, i is the joint number, and

z0 = [0 0 1]T . As such, the geometrical information of the robot arm can be used to derive
the Jacobian matrix. This can be used to determine the necessary joint velocity based on
the target velocity in the work space.

4.4.2. Joint Velocity Controller

As determined in Section 4.4.1, the joint velocity q̇ in the joint space for reaching
the robot arm end linear velocity of ṗ and angular velocity ω in the workspace can be
determined through the Jacobian matrix as follows.

ν =

[
ṗ

ω

]
= J(q)q̇

q̇ = J−1(q)ν

(8)

Thus, the input joint velocity can be referred to as the Jacobian matrix relationship
equation according to the target linear velocity, angular velocity, and current joint angle q.
When controlling the PI for the joint velocity input, the input u for the target joint velocity
q̇d can be expressed as follows.

u = q̇des + Kpe + KI

∫
e (9)

Here, e is the control error, and Kp and KI are the proportional gain and integral gain,
respectively.

4.4.3. Control Stability Verification Using SVD and Prevention of Malfunctioning

The geometric Jacobian matrix-based controller developed in Section 4.4.2 could cause
the issue of singularity. This implies that the Jacobian matrix becomes unstable by losing its
rank. In this case, the robot arm may either not have a solution to the target joint velocity q̇d
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for determining the target linear velocity of the robot arm end ṗd and the angular velocity
ωd or have an inappropriate solution that exceeds the performance of the actuator of the
robot arm. This singularity issue could induce an erroneous control input into the robot
arm or damage the target object. Thus, singular value decomposition (SVD) analysis was
used to prevent the issue of singularity that could occur during robot arm operation.

SVD is one of the methods that can be used to disintegrate a matrix into an orthogonal
matrix and a diagonal matrix. The Jacobian matrix and inversed Jacobian matrix can be
disintegrated as follows.

J(qt) = UΣV−1

J−1(qt) = VΣ−1U−1
(10)

Here, if the Jacobian matrix is referred to as the m × n matrix, U is the m × m matrix,
V is the n × n matrix, and Σ the diagonal matrix of m × n that has the singular value σ as
the diagonal component. The Jacobian matrix that we used was 6 × 6, so m = n = 6. Here,
Σ and Σ−1 in detail are as follows, where σ1 > σ2 > · · · > σn.

Σ =

σ1
. . .

σn

, Σ−1 =

1/σn
. . .

1/σ1

 (11)

Here, if the singular value σn approaches zero, 1/σn in the inversed Jacobian matrix
approaches infinity. This indicates that the target joint velocity q̇d for running the target
robot arm end linear velocity ṗd and angular velocity ωd is excessively large. To prevent
this, a 1/σn value that suits the threshold value of the robot actuator was set, and this was
continuously verified during the operation of the robot. If a singular value of a certain
value or below was determined, singularity occurrence was assumed to stop the operation.

5. Experiment

The most significant factors affecting the removal of fouling organisms by the au-
tonomous cleaning robot are the accessibility of the niche areas of the hull, the cleaning
rate of the fouling organisms, and the retrieval rate of the removed fouling organisms.
To verify the performance of the proposed autonomous cleaning robot of the niche areas of
the hull, an experimental environment was formed. The robot autonomously recognized
the niche areas of the ship hull in this environment, generated the path points that can
be cleaned, and followed the regional path to perform cleaning. This experiment was
performed repeatedly in various environments to validate the cleaning performance of the
robot and the retrieval rate of the fouling organisms.

5.1. Environment

For the validation of the experiment, an autonomous niche area cleaning robot and
niche areas of the ship hull were simulated in an engineered tank environment, as shown
in Figure 15. The water level of the tank was set to 2.5 m, and the robot body was fixed
to the towing carriage. As the cleaning target, a four-blade propeller (diameter = 1.3 m)
was selected as one of the most representative niche areas of the hull. Propellers have
complex shapes that include curved surfaces and are usually fabricated with materials
such as brass to which antifouling paint cannot be applied; thus, they are a niche area
for which it is difficult to manage fouling organisms. To simulate the fouling organisms
that are most difficult to clean, 20–30 clams with a size of 1 cm2 were attached onto four
sides of the propeller, and a strong double-sided adhesive foam tape was used to simulate
the adhesive strength of the fouling organism. In addition, a suction motor at the bottom
of the cleaning brush and a retrieval device of fouling organisms were connected for the
collection of fouling organisms of the hull cleaning robot. Furthermore, a flow meter and
flow regulator were used to identify the flow rate of the retrieval device.
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Figure 15. Experimental setup.

The experiment was repeated six times based on the algorithm flowchart presented in
Figure 6. Considering the workspace of the robot arm, single-blade cleaning proceeded for
each experiment, and the propeller angle was arbitrarily changed in each experiment so
that autonomous cleaning could be performed. Here, the cleaning rate and retrieval rate
were assessed in each experiment based on the number of fouling organisms.

5.2. Scanning and Planning Results

For the laser scanning and planning stages, point cloud data scanning, matching
between point cloud data and reference data, estimation of the relative distance value,
generation of the valid path, and verification were performed.

Assuming that the approximate information of the target niche area of the hull was
obtained through a sonar sensor, among others, the location and positioning control of
the fifth axis of the manipulator proceeded based on the center point to move through the
lawnmower path. The results from this process are shown in Figure 16. The left image
presents the laser line obtained from the coordinate system of the camera, from which one
line of point cloud data is gained. Furthermore, the results of the accumulated line laser
obtained according to the movement of the robot arm are shown on the right of Figure 16a.
The final laser scan-based point cloud data are shown in Figure 16b.

Later, ICP matching between the precise three-dimensional CAD data and the obtained
point cloud data was performed. The green point cloud data on the left of Figure 16c are
the data obtained from the laser scanner, and the white data below are the CAD model data.
After acquiring the correlation between these two datasets, a full coverage path plan was
established as shown on the right of Figure 16c. Here, path points that only include valid
paths were created to estimate the path. The three-dimensional path point was expanded
using Equation (3) based on the two-dimensional path point, and the trajectory planner
was used to generate the regional path between the path points. Consequently, the control
input for the robot arm end was generated using the acquired regional path.
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(a)

(b)

(c)

Figure 16. Autonomous scanning result. (a) Camera image and propeller reconstruction (in RViz).
(b) Result of propeller reconstruction. (c) Propeller cleaning path generation.
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5.3. Control Results

The scanning control results and cleaning control results of the propeller are shown
in Figures 17 and 18. When estimating the scanning path and control, scanning was
performed for the YZ plane as shown in Figure 18a to maximize the use of the robot arm
work space. To prevent collision with the propeller shaft, the central area was removed
from the scanning area. The scanning waypoints had a mowing pattern and were designed
to move up-down-up; a total of 14 waypoints were created. In the scanning phase, no
interaction occurred between the robot and the target cleaning area; therefore, control was
performed without significant disturbances and errors. Furthermore, the robot yielded an
average scanning trajectory control error of 3.2 mm.

(a)

(b)

Figure 17. Autonomous cleaning result (a) before and (b) after cleaning.
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(a) (b)

Figure 18. Path following results: (a) shows the scanning path-following result, and (b) shows the
cleaning path-following result.

The trajectory-following results from the cleaning stage are shown in Figure 18b. In the
cleaning stage, the cleaning brush equipped at the end of the robot arm cleans by directly
making contact with the niche area of the hull; as a result, the path control error was
inevitably greater than with scanning control. In addition, the problem of inconsistent
distances occurred between the cleaning brush and the cleaning target at some points.
However, the path estimation control error at these points was not significant. This was
predicted to be because an ICP matching error occurred because fouling organisms such as
barnacles in the scanning stage caused the relative distance and positioning recognition
error between the robot and hull niche area error. Nonetheless, the relative location and the
direction of the normal vector in most areas were perceived well through the laser scanner.
Additionally, owing to the full coverage path planning based on the dynamic simulator-
based work area setting, all target cleaning areas could be cleaned without problems such
as a physical collision between the robot arm and niche area. In conclusion, an average
cleaning trajectory error of 8.23 mm was obtained, and a fouling organism cleaning rate of
approximately 80% was achieved.

The results of the propeller cleaning experiments are shown in Table 3. A total of six
experiments were conducted by changing the relative angle and position of the propeller.
During the experiments, the manipulator control errors showed 6.23 mm (average of
scanning and cleaning errors). The proposed system cleaned up the 107 barnacle replicas
out of 134 barnacle replicas (approximately 80%), and recovered the 87 barnacle replicas
(approximately 81% of the cleaned barnacles replicas).

Table 3. Propeller cleaning experiment results.

No.
Control

Error
Num. of

Biofouling
Num. of
Cleaning

Num. of
Recovery

Operation
Time

(mm) (ea) (%) (%) (min s)

1 5.86 30 25 (83.33) 17 (68.00) 7 m 42 s
2 5.94 24 17 (70.83) 15 (88.24) 8 m 1 s
3 6.66 20 14 (70.00) 8 (57.14) 7 m 50 s
4 6.80 20 20 (100.00) 18 (90.00) 7 m 55 s
5 6.12 20 18 (90.00) 18 (100.00) 8 m 10 s
6 6.02 20 13 (65.00) 11 (84.62) 7 m 48 s

Avg. 6.23 134 107 (79.85) 87 (81.31) 7 m 54 s
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6. Conclusions

This paper proposes an autonomous cleaning robot system based on a multi-degree-
of-freedom hydraulic robot arm for autonomous cleaning of niche areas of a ship hull. This
robot estimated the location and positioning data of a propeller as a typical niche area of
the ship hull using an underwater laser scanner, and the relative coordinates of the ROI
within the niche area intended for cleaning were derived. Later, the optimal cleaning area
was extracted based on a dynamic simulator, a full coverage path that could maximize
cleaning in this area was generated, and an algorithm for reviewing the SVD-based valid
control for stable control and of the velocity controller that could follow the generated
path was proposed. The proposed system was verified in an actual scale of an engineered
water tank environment. It had been verified that the target niche area of the hull could be
successfully cleaned autonomously.

However, several issues were identified in the proposed system. First, the area and
methods available for cleaning were restricted according to the joint characteristics and the
degree of freedom that the robot and robot arm had. Deeper and narrower niche areas that
could not be reached with the degree of freedom of this robot remained difficult to clean.
Additionally, six-degree-of-freedom motion was difficult to run, and the operation was
limited due to the possibility of a collision at the joint (e.g., 1–3 joints) close to the robot
body in the case of this robot arm that consisted of rotating joints. Furthermore, for this
robot arm with three-degree-of-freedom in the pitch direction, vertical motions were easily
followed, but the control performances for roll and yaw motions were low. Therefore,
a greater degree of freedom and the use of a prismatic joint are needed to clean the niche
areas with greater efficiency.

Another challenge was the difficulty in ICP matching when the difference between the
CAD model and scanned point cloud data increased due to barnacles, among others, which
could result in incomplete cleaning and collision. To resolve this, subsequent research on
using region-based convolutional neural networks (RCNNs) such as the multi-ICP detector
must be conducted.

In future work, a cleaning tool and manipulator for deep and narrow niche areas will
be developed, and the perceptional error will be solved using force-control approaches. A
novel manipulator will be designed whose linear joint will have a longer link size to guar-
antee the cleaning space in the deep and narrow niche areas. Moreover, this cleaning robot
will be controlled via a proportional–derivative (PD) position control-based impedance
controller for robust cleaning performance, regardless of position and orientation errors.

Moreover, we are designing an autonomous, mobile hull-cleaning system to apply
this technology in the maritime sector. We are considering our underwater six-legged robot
(Crabster [37]) as the hull-cleaning mobile platform, and we are conducting the detailed
design of the six-legged mobile platform-based cleaning system.
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