
Academic Editor: Rui Araújo

Received: 9 March 2026

Revised: 23 March 2026

Accepted: 24 March 2026

Published: 26 March 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Article

Design and Implementation of an Underwater Cleaning System
for Ship Maintenance via a Robotic Arm
Chenghao Cao, Wenyong Guo, Jingzhou Fu, Jianggui Han * and Xiaofeng Li *

Naval University of Engineering, Wuhan 430072, China; 1920191197@nue.edu.cn (C.C.);
guowy202@163.com (W.G.); 18971677110@163.com (J.F.)
* Correspondence: 0908041062@nue.edu.cn (J.H.); 2120213016@nue.edu.cn (X.L.); Tel.: +86-13659816558 (J.H.)

Abstract

To better address the operational requirements for emergency underwater ship mainte-
nance, this study proposes the use of an underwater robotic arm instead of divers for
cleaning submerged hull sections. Experimental analyses are conducted to validate the
stability and feasibility of the constructed underwater robotic arm cleaning system. Initially,
hydrodynamic analysis of the robotic arm was performed using the Morison equation.
Through fluent dynamic simulations, the hydrodynamic moments on each robotic arm
during cleaning operations were obtained, confirming that stress under typical seawater
flow velocities remained within the rated limits. Subsequently, dynamic simulations were
carried out to determine the joint driving torques in a fluid environment, quantify the
influence of the hydrodynamic resistance on the joint torque, and verify the accuracy of the
fluid dynamics model. Finally, motion control and underwater cleaning experiments were
implemented on the system. Experimental results further corroborated the correctness
of the fluid model and operational environment analysis, demonstrating the expected
cleaning performance and providing both data and experimental support for practical
underwater maintenance during long-distance ship voyages.

Keywords: robotic arm; ship maintenance; hydrodynamic analysis; fluid dynamics model

1. Introduction
During long-distance voyages, the submerged hull sections of ships are prone to

accumulate significant marine fouling, including sediments like silt and sand as well as
biological organisms such as algae, barnacles, and mussels [1]. This biofouling process is
progressive and persistent, leading to several detrimental effects. Primarily, it increases the
hydrodynamic drag, which substantially increases the fuel consumption and reduces the
overall sailing efficiency. Concurrently, the accumulated biomass and trapped moisture
accelerate the electrochemical corrosion of hull’s protective coatings and the underlying
steel structure. In severe and prolonged cases, localized corrosion and the physical pressure
exerted by dense fouling can compromise the integrity of critical components, posing
potential threats to vessel’s operational safety and structural longevity [2,3]. Therefore, to
maintain the optimal sailing performance, minimize the environmental impact through re-
duced emissions, and ensure the maritime safety, real-time monitoring and timely removal
of hull fouling through underwater cleaning are imperative [4].

Currently, the predominant method for underwater hull cleaning relies on human
divers. This approach, however, is fraught with limitations and risks. Moreover, divers’
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operational effectiveness and safety are highly susceptible to volatile environmental condi-
tions, including strong currents, poor underwater visibility, extreme water temperatures,
and adverse surface weather. The manual operation of specialized cleaning equipment in
such challenging environments is physically demanding and technically difficult, often re-
sulting in inconsistent cleaning quality, low operational efficiency, and extended downtime.
Furthermore, diver-based operations entail significant safety hazards and high associated
costs, including diver training, support vessels, and insurance [5]. Consequently, there
is a pressing industry shift towards employing robotic systems to automate underwater
maintenance tasks. Autonomous or remotely operated underwater robots are emerging
as a safer, more efficient, and increasingly reliable alternative, representing the definitive
future trend in ship hull maintenance [6].

Diverse architectural approaches have been proposed for advancing robotic systems
for hull cleaning. A common design is the crawler-type robotic platform [7]. These robots
typically utilize magnetic adhesion (often via the use of permanent magnets integrated
into tracks) to secure themselves to vertical or inverted steel hull surfaces. This design
enables stable locomotion, steering, and climbing on complex hull geometries. Despite
their robustness in adhesion, crawler-type robots generally exhibit relatively low traversal
speeds and cleaning efficiency because of friction and the continuous need for precise
track-to-surface engagement.

In the past decades, alternative locomotion methods have been explored. Nassir-
aei et al. developed a submersible robot that used thrusters for both propulsion and
downward force generation to press the robot against the hull surface. Cleaning was ac-
complished via a suction-based device that adhered locally to the hull to remove fouling [8].
Another innovative concept, ARMROV, proposed by Saber Hachicha et al., integrates dual
robotic arms onto a standard remotely operated vehicle (ROV) platform. Their research fo-
cused on analyzing the dynamic stability of such a system during cleaning operations using
a dynamic equivalence approach [9]. In addition, ultrasonic cleaning offers a non-contact
solution. Lais et al. discussed the design and ‘marinization’ of an optimized ultrasonic
transducer array. Their work included testing the impedance and wave propagation charac-
teristics of fouled carbon steel pipeline samples to assess their efficacy [10]. For mechanical
brushing, Lin et al. designed a laboratory-scale automated underwater cleaning system
(AUCS) equipped with a digital force sensor. This system enabled real-time force monitor-
ing during cleaning, and calibration tests were performed to evaluate the performance of
different brush types (sponge, nylon, and rubber) based on cleaning force metrics [11].

High-pressure water jet (HPWJ) technology is widely used for cleaning metallic struc-
tures and removing tenacious marine fouling because of its effectiveness and versatility [12].
Advancing this technology, Chen et al. developed a hybrid robot that combined thruster
and crawler-belt propulsion for adaptability to various hull shapes [13]. A key innovation
in their design was the use of cavitating water jets instead of conventional HPWJs. Cavita-
tion jets increase cleaning efficiency by generating micro-implosions that help break the
adhesive bonds of fouling. Furthermore, to ensure precise operational path tracking, they
proposed an adaptive controller that compensated for kinematic inconsistencies between
the two crawler belts without requiring direct depth measurement, thereby enabling accu-
rate boustrophedon (lawnmower-pattern) path coverage. Collectively, laboratory research
and prototype development in underwater cleaning robotics, coupled with the formulation
of sophisticated cleaning strategies, provide critical insights and actionable guidelines
for effective hull fouling removal [14–17]. These advancements directly contribute to en-
hancing vessel operational efficiency, reducing greenhouse gas emissions, and improving
overall maritime navigation safety [18,19].
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Overall, ARMROV is advantageous owing to its transportability and cleaning effi-
ciency when combined with an ROV with dual robotic arms, enabling access to complex
hull geometries. However, its major limitation is dynamic stability challenges caused by
coupling forces between the arms and central body of the robot, which can lead to perturba-
tions during operation [20]. An ultrasonic transducer array provides a non-contact cleaning
method that is effective for pipeline applications, but its performance is highly dependent
on impedance matching and wave propagation characteristics, which can be affected by
environmental factors [21]. An AUCS excels in providing systematic, force-monitored
cleaning for evaluating coatings, but its laboratory-scale nature limits its direct applicability
to full-scale, real-world ship hulls where hydrodynamic forces and visibility are signifi-
cant constraints. HPWJ technology offers effective, versatile, and non-abrasive cleaning
resulting in the removal of tenacious fouling while minimizing damage to hull coatings.

In this study, a method for precisely locating and effectively removing adhered marine
fouling is proposed. It uses a high-pressure water jet cleaning device mounted on the end
effector of a subsea robotic arm. The custom-designed subsea robotic arm, constructed from
stainless steel, features six degrees of freedom. Each joint is sealed with a closed-type water
seal ring to mitigate corrosion and prevent fluid leakage in harsh underwater environments,
thereby ensuring the safe and efficient execution of subsea cleaning tasks. To validate the
operational stability of the proposed system and simulate subsea cleaning scenarios, a
subsea robotic arm-based cleaning system is developed. A water tank is utilized to replicate
the underwater environment encountered during a ship’s long-distance voyage, with the
robotic arm installed centrally on tank’s frame acting as the carrier for the high-pressure
water jet device. The robotic arm is controlled via a dedicated software to perform targeted
movement and execute underwater cleaning operations.

Unlike existing approaches utilizing remotely operated vehicles (ROVs) and crawler-
type propulsion systems, the robotic arm platform proposed in this study achieves more sta-
ble cleaning operation under extreme flow velocity conditions of up to 2 m/s. Furthermore,
this study establishes a full-chain validation methodology integrating computational fluid
dynamics (CFD) simulation, real-time joint torque monitoring, and cleaning performance
quantification. The proposed validation framework provides a standardized experimental
foundation for the subsequent optimization of underwater cleaning robotic systems.

2. Establishment of Underwater Robotic Arm Cleaning System
2.1. Calculation of Hydraulic Resistance of Robotic Arm

To evaluate the hydrodynamic performance of the underwater robotic arm in the fluid
environment, we established a precise calculation method for the fluid resistance acting on
the arm. As shown in Figure 1, the robotic arm is modelled by fixing Joint 1 at the top of
the structure, allowing the entire arm assembly to be driven solely by Joint 2 to perform the
cleaning motion through the fluid. This configuration isolates the primary dynamic load to
one joint, simplifying the initial analysis of fluid–structure interactions.

More specifically, the entire housing of the robotic arm is fabricated from aluminum
alloy to ensure corrosion resistance and structural strength. Each joint is actuated by a
brushless DC servo motor equipped with a high-resolution encoder for precise position
feedback. The electronic control system utilizes a distributed architecture to manage motor
drivers and sensor data acquisition. The key performance parameters of the manipulator
are summarized in Table 1.

The force per unit length experienced by the arm moving through the fluid is decom-
posed into four primary components as follows:

F = Fd + Fl + Fm + Ff (1)
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where Fd is the water resistance, Fm is the additional mass force, Fl is the lift, and Ff is
the buoyancy.

Joint 1

Joint 3
Joint 4

Joint2 Joint 5

Joint 6
 

Figure 1. Structure of the underwater robotic arm.

Table 1. Underwater manipulator technical parameters.

Parameters Value

Weight (kg) 17
Working radius (mm) ≤650
Operating depth (m) ≤20

Control accuracy (mm) ±0.05
Maximum payload (kg) 5

Rated torque of Joint 1 (N·m) 33
Rated torque of Joint 2 (N·m) 33
Rated torque of Joint 3 (N·m) 15
Rated torque of Joint 4 (N·m) 15
Rated torque of Joint 5 (N·m) 15
Rated torque of Joint 6 (N·m) 15

Focusing primarily on water resistance and added mass force, Morison proposed the
Morison equation in 1950. This equation is particularly suitable for slender cylindrical
structures under unsteady flow. The complete vector form of the force equation for a
segment of the arm is expressed as Equation (2).

dF =
1
2

ρCdD∥v∥vdl + ρCm A
.
vdl (2)

where dF is the incremental hydrodynamic force on an arm segment of length dl, ρ is the
density of seawater, D is the characteristic diameter of the arm segment, v is the relative
velocity vector of the fluid,

.
v is the relative acceleration vector, A is cross-sectional area of the

arm segment, Cm is the empirical value used in the hydrodynamic analysis and calculation,
and Cm = 2 serves as the inertial force coefficient. In addition, Cd is the hydrodynamic drag
coefficient, which is not constant but varies with factors such as the flow velocity and arm
geometry and orientation relative to the flow. The accurate determination of Cd for the
specific arm geometry under different operational scenarios is essential for predicting loads
and is therefore obtained through dedicated computational fluid dynamics simulations
using the ANSYS Fluent 2020R1 software.

2.2. Establishment of the Simulation Model of Robotic Arm

Prior to conducting detailed fluid dynamics simulations, the physical model of the
robotic arm is simplified and prepared for computational analysis. Key assumptions are
made to define the simulation scope: the working fluid (seawater) is treated as incom-
pressible, and analysis focuses on steady-state conditions by considering only the speed
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and direction of the uniform water flow acting on the arm. Based on the dimensions of
the hydrodynamic analysis model, a three-dimensional computational fluid domain is
constructed. As depicted in Figure 2a, this domain is a rectangular cuboid measuring
4 × 3 × 1 m (length × width × height). The robotic arm model is positioned within this
domain, with Joint 1 being fixed at a designated top point, accurately corresponding to its
mounting position in the experimental water tank setup. This configuration allows simula-
tion to replicate the boundary conditions of the physical experiment. For the numerical
simulation setup, tetrahedral grids are adopted to discretize the flow field computational
domain and the boundary layer around the robotic arm, while pentahedral grids are used
to mesh the main structure of the robotic arm. Considering that the flow generated by
the laboratory flume is laminar, the constant-velocity laminar flow obtained through pre-
calculation is set as the velocity-inlet boundary condition. The surface of the robotic arm is
defined as an ideal smooth no-slip wall to eliminate additional flow interference caused by
surface roughness, and the remaining boundary conditions follow the default settings of
the Fluent software. When the residual parameters decrease to below 10−3, the numerical
simulation is judged to have reached a converged state. A detailed view of the mesh is
shown in Figure 2b, highlighting the refined boundary layer mesh generated around the
arm surfaces. This boundary layer mesh is crucial for accurately resolving the velocity
gradients and shear stress in the region closest to the arm, which directly influences the
calculation of the drag force Fd and consequently the drag coefficient Cd.

  
(a) (b) 

Figure 2. Simulation model of the underwater robotic arm. (a) Computational domain. (b) Bound-
ary layer.

Subsequently, boundary conditions are applied in the Fluent software to simulate
the flow. A uniform velocity inlet condition is set on one face of the domain to represent
the oncoming seawater flow, while a pressure outlet condition is defined on the opposite
face. The remaining faces are designated as symmetry or wall boundaries, and the surfaces
of the robotic arm are defined as no-slip walls. This setup models the arm as subjected
to a constant-velocity cross-flow, allowing for the simulation of hydrodynamic loads at
specified flow velocities. The critical load considered in the simulation stems from the
operation of the high-pressure water jet itself. The release of the water jet from the end
effector generates a significant recoil force acting back on the robotic arm structure. The
magnitude of this recoil force is directly related to the operational parameters of the water
jet. This force magnitude is calculated using an empirical formula from experimental data
and is given as Equation (3):

F = 0.745q
√

p (3)

where q is the volumetric flow rate at the outlet and p is the working pressure of the pump.
This force vector, acting in the direction opposite to the water jet discharge, is applied
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as a static point load at the nozzle location on the end effector in the subsequent fluid–
structure interaction simulations. The incorporation of this force is vital for comprehensive
stress analysis, as it represents a significant internal load superimposed on the external
hydrodynamic drag.

2.3. Design of High-Pressure Water Jet Cleaning Mechanism

The performance of an HPWJ cleaning system is primarily governed by the oper-
ating pressure of the booster pump and the diameter of the nozzle, as these parameters
directly determine the impact force and cleaning efficacy at the outlet. As illustrated in
Figure 3, the proposed system is powered by a 100 W booster pump. The pump is de-
signed to directly draw water from the surrounding environment, pressurize it, and eject
it through a specifically designed nozzle, thereby creating a focused, high-velocity jet for
fouling removal.

  
(a)  (b)  

Figure 3. Modelling and installation of the water gun at the end of the mechanical arm. (a) 3D model
of the water gun. (b) Products of the water gun.

Empirical data from preliminary experiments confirm that a smaller nozzle diameter,
coupled with a higher outlet pressure, results in a more significant relative impact force
on the target surface. To optimize this relationship, the water jet nozzle in this study
is designed as a circular orifice with a diameter of 4 mm and a length of 30 mm. This
configuration ensures concentrated jet stream with high kinetic energy, maximizing the
shear stress applied to the fouling layer. Furthermore, the integrated pipeline system serves
critical dual function: it acts as a pressure buffer, dampening potential pressure surges from
the pump, and protects the structure of the robotic arm from instantaneous high recoil forces
generated during operation. This design consideration is vital for ensuring the long-term
mechanical integrity and operational stability of the system. The complete specifications
and operational parameters of the high-pressure water spray gun are summarized in
Table 2. Notably, the combination of these carefully selected parameters, particularly the
4 mm nozzle at 12 MPa, forms the core of an efficient and mechanically sustainable cleaning
mechanism for the underwater robotic system.

Table 2. Parameters of spray gun.

Parameters Value

Greatest pressure (MPa) 20
Work pressure (MPa) 12

Rated power (W) 100
Rated voltage (V) 24
Pump suction (m) 1.5

Open flow (L/min) 7
Pump head (m) 100

Pump weight (kg) 0.65

https://doi.org/10.3390/app16073222

https://doi.org/10.3390/app16073222


Appl. Sci. 2026, 16, 3222 7 of 12

3. Result Analysis
3.1. Simulation Result Analysis

Considering that the average surface flow velocity during oceanic navigation is approx-
imately 2 m/s, hydrodynamic simulations of the underwater robotic arm were conducted
at various flow velocities to systematically evaluate its operational stability. The simulation
methodology incorporates the hydrodynamic load resulting from high-pressure water jet
recoil, calculated as 18.065 N using Equation (3). This load is applied as an external force
boundary condition (p = 12 MPa and q = 7 L/min). Three discrete flow velocities in the
0–2 m/s range were selected for detailed investigation, with each simulation being iterated
1000 times to ensure numerical convergence and result reliability. A curve-fitting approach
was subsequently employed to analyze trends exhibited by the hydrodynamic parameters.

The key outcomes of these simulations are presented in Table 3, demonstrating re-
lationships among the flow velocity, drag coefficient CD, and resultant hydrodynamic
resistance force. The data reveal a pronounced non-linear increase in both the CD and
resistance with increasing flow velocity. Specifically, CD increases from 0.48 at 0.4 m/s to
13.44 at 2 m/s, while the corresponding hydrodynamic resistance increases from 2.66 to
65.62 N. This trend underscores the significant amplification of fluid dynamic loads under
higher flow conditions, which is critical for assessing the torque requirements of the robotic
arm joints during cleaning maneuvers.

Table 3. Relationship between flow velocity and water resistance.

Velocity/(m/s) CD Water Resistance/(N)

0.4 0.48 2.66
1.0 3.77 16.47
2.0 13.44 65.62

The convergence and stability of the drag coefficient under the design condition of
2 m/s are further illustrated in Figure 4. The plotted CD curve demonstrates an initial
transient period followed by a clear stabilization plateau as simulation progresses. This
plateau confirms that the calculated CD value of 13.44 is a reliable steady-state result,
thereby validating the accuracy of the computational fluid dynamics setup and suitability
of the Morison equation-based model for capturing the dominant hydrodynamic effects on
the arm structure.

    
(a) (b) 

Figure 4. Drag coefficient. (a) Residual curve during simulation. (b) Drag coefficient curve.

To evaluate structural integrity under combined loading, one-way fluid–structure
interaction analysis is performed. Figure 5a displays the resulting Von Mises stress dis-
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tribution across the robotic arm. The analysis identifies localized stress concentration
near the interface connecting the end effector (housing the high-pressure water jet) and
pump mounting structure, with a peak value of 81,600 Pa. This maximum stress is directly
attributable to the recoil force from water jet operation. Importantly, stress in all other
structural components is significantly lower, confirming that the design successfully con-
tains the peak mechanical loads within a specific region and that the overall arm structure
operates well within its elastic limits under the simulated conditions.

 
(a) (b) 

Figure 5. Simulation results of the robotic arm. (a) Stress distribution. (b) Pressure distribution.

Concurrently, Figure 5b presents the hydrodynamic pressure distribution on the arm
surface when subjected to 2 m/s cross-flow. The plot clearly indicates that the predominant
pressure load acts on surfaces oriented perpendicular to the flow direction, with the pres-
sure magnitude directly correlating with the local flow velocity. This pattern aligns perfectly
with fundamental fluid dynamics principles and provides visual confirmation of the load
distribution assumptions used in the analytical model. By integrating the simulated CD

values into hydrodynamic moment calculation (Equation (2)), the hydrodynamic resistance
torque acting on the robotic arm is derived for various flow velocities, particularly about
the axis of Joint 2, which enables the primary cleaning motion. The results are compiled in
Table 4. The torque sharply increases from 0.459 N·m at 0.2 m/s to 8.523 N·m at 1.0 m/s
and finally to 32.467 N·m at the design flow of 2 m/s.

Table 4. Relationship between flow velocity and water resistance torque.

Velocity of Flow/(m/s) Water Resistance Torque/(N·m)

0.2 0.459
1.0 8.523
2.0 32.467

An analysis of the results in Table 4 reveals that when the robotic arm is driven by
Joint 2 and is performing cleaning tasks in a fluid environment with a flow velocity of
2 m/s, the theoretical fluid resistance it experiences is less than the designed driving torque
of Joint 2 (33 N·m). This finding verifies the stability of the designed robotic arm cleaning
system under the average flow velocity of the seawater surface. The critical finding from
this analysis is that at the maximum anticipated operational flow velocity of 2 m/s, the
theoretical hydrodynamic resistance torque (32.467 N·m) remains marginally below the
designed maximum driving torque capacity of Joint 2, which is 33 N·m. This provides a
narrow but positive safety margin. This result conclusively verifies the operational stability
and feasibility of the proposed robotic arm cleaning system. This finding demonstrates that
the arm can perform the required cleaning motions against hydrodynamic loads preva-
lent under average oceanic surface current conditions without exceeding the mechanical
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limits of its primary drive joint, thereby ensuring both reliability and performance during
underwater maintenance tasks.

3.2. Experimental Result Analysis

To validate the accuracy of the established fluid dynamics model and operational
feasibility of the system under realistic marine conditions, a comprehensive set of exper-
iments is conducted in a controlled water tank environment. This setup is designed to
closely mimic the hydrodynamic conditions encountered by a vessel during long-distance
navigation. A steel plate measuring 40 cm × 30 cm is used to represent a section of ship’s
hull, and its surface is uniformly coated with acrylic paint to simulate adhered marine
fouling—a common and challenging type of biofilm-like contamination. It is important
to acknowledge the limitations of using acrylic paint as a fouling substitute. Natural ma-
rine biofouling constitutes a complex, multi-layered biological community with distinct
structural gradients. In contrast, the uniform composition of acrylic paint cannot fully
replicate this biological complexity and structural gradient. However, this substitute allows
for controlled and repeatable quantification of cleaning efficiency in a laboratory setting,
serving as a standardized baseline for system validation. The robotic arm is mounted,
with Joint 1 being fixed at a point above the water tank, while cleaning motion is executed
solely through the actuation of Joint 2 along a pre-defined linear trajectory between two
marked points.

As shown in Table 4, under the extreme flow velocity of 2 m/s, the calculated hydrody-
namic resistance torque almost reaches the maximum driving torque of the joint (33 N·m).
In the experimental setup, a more stable flow generation system is employed to avoid
sudden surges or sharp fluctuations in flow velocity. Meanwhile, the real-time monitoring
module for joint torque and motor current is integrated into the control system during the
test: if the detected torque continuously approaches or reaches the upper limit, the flow
velocity will be reduced rapidly to prevent overload damage to the robotic arm hardware.

During the motion experiment under a simulated steady-state flow of 2.0 m/s, the
high-pressure water jet system is activated. The pump, drawing water directly from the
tank, pressurized it to 12 MPa and ejected it through a 4 mm diameter nozzle. Figure 6
presents the recorded joint torque signals during this reciprocating cleaning cycle. The
data clearly demonstrate that Joint 2 exhibits the most pronounced torque fluctuations
and highest absolute torque magnitude throughout the operation. As the shoulder joint
(major arm joint) of the manipulator, Joint 2 bears the primary load of the entire arm span
and the end effector. Under the combined action of flow impact and the reaction force
generated by the high-pressure water jet at the end, it needs to output a larger torque to
maintain the desired motion posture, thus becoming the joint with the highest load during
operation. During the reciprocating cleaning operation under the 2.0 m/s steady-state flow
with the 12 MPa high-pressure water jet activated, the torque of all joints exhibits a sinusoid-
like fluctuation pattern. Taking Joint 2 as an example, its torque reaches three peaks at
approximately 0 s, 4 s, and 10 s, respectively. This phenomenon occurs because the rotation
direction of Joint 2 reverses at these three time points, where the hydrodynamic drag and
inertial effects reach their maximum values simultaneously. The recorded peak torque
values remain consistently below the joint design limit of 33 N·m, which corroborates
the simulation result that the hydrodynamic resistance torque at 2 m/s is within the safe
operational margin.

Notably, common fouling types found in actual marine environments, such as silt,
algae, and light biofilms, possess a substantially lower adhesion strength than the acrylic
paint used in this experiment. Therefore, system’s performance under these simulated,
more demanding conditions strongly suggests that it will achieve even higher cleaning effi-
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ciency and reliability in real-world hull-cleaning scenarios. Furthermore, the experimental
setup allows for manual overriding and real-time adjustment of the position of the end
effector via a control software. This capability highlights system’s operational flexibility,
enabling an operator to target localized or particularly tenacious fouling patches that may
not be fully removed in a single automated pass. Such adaptability is crucial for practical
deployment, where fouling distribution is often non-uniform.

Figure 6. Driving torque of each joint in water.

In summary, the experimental results comprehensively validate both the analytical
models and practical functionality of the proposed robotic cleaning system. The torque
feedback data confirm the accuracy of hydrodynamic simulations and structural adequacy
of the design under the expected flow conditions. Successful paint removal demonstrates
the effectiveness of the high-pressure water jet cleaning mechanism and precision of
the motion-control strategy. Figure 7 illustrates the complete procedure of the cleaning
experiment. Collectively, these findings substantiate that the system can operate stably and
efficiently under conditions representative of average oceanic currents, providing a viable,
safer, and more controllable alternative to diver-dependent hull maintenance during ship
voyages. The experimental evidence thus strongly supports the feasibility of deploying
such a robotic arm–based system for real-world underwater cleaning tasks.

  
(a) (b) 

  
(c) (d) 

Figure 7. Experimental cleaning process. (a) Initial state. (b) Cleaning. (c) Cleaning complete.
(d) Post-processing.
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4. Conclusions
In this study, a comprehensive underwater robotic arm cleaning system for ship hull

maintenance is designed and experimentally validated. By establishing a hydrodynamic
model based on the Morison equation and conducting fluent dynamic simulations, we
confirm that the robotic arm operates within its rated stress limits under average seawater
flow velocities, ensuring structural stability. Joint driving torques in fluid environments
are successfully analyzed, with the results indicating that Joint 2 bears the primary load,
and the calculated factors influencing the hydrodynamic resistance align closely with the
simulation predictions. Physical experiments in a simulated underwater environment
demonstrate system’s ability to effectively remove acrylic paint, mimicking fouling, on a
steel plate using a high-pressure water jet end effector following a controlled trajectory. The
cleaning performance is satisfactory, with the feedback torque data collected during motion
corroborating the accuracy of the established fluid dynamics model. These findings verify
system’s operational feasibility and stability under realistic sailing conditions, providing a
promising, efficient, and safer robotic alternative to diver-based hull cleaning and offering
valuable insights for the future development of underwater maintenance technologies.

It worth mentioning that the water flow was set to steady laminar flow in the sim-
ulation, which differs significantly from the complex, turbulent flow conditions in real
marine environments. To address this limitation, full-scale sea trials will be conducted
in subsequent research to further validate the accuracy of the dynamic modeling method
proposed in this paper.
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