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ABSTRACT

To address the issues of increased resistance and energy consumption caused by biofouling on 
ship hulls, a scraping blade design method based on cutting theory is proposed for a model of an 
underwater robot. A dynamic model of the blade is established by combining classical cutting 
theory and extrusion cutting theory, and the analysis indicates that a rake angle of 20° satisfies the 
removal requirements of barnacles while reducing resistance and energy consumption. On this basis, 
an idealized attachment model of barnacles and ship hulls is constructed in ABAQUS to perform 
finite element simulations for single barnacle, double barnacles, and various distribution patterns, 
including aligned, staggered, and dense multi-barnacle arrangements. The results demonstrate that 
the blade generates stresses significantly higher than the maximum adhesion strength of barnacles 
under all conditions, confirming the feasibility of the 20° rake angle. Compared with ultrasonic 
cavitation cleaning, the proposed method achieves higher cleaning efficiency, lower energy demand, 
and better environmental compatibility, providing an effective and sustainable solution for ship hull 
maintenance.

1	 Introduction

Barnacles are small marine crustaceans [1] that typ-
ically attach themselves to hard surfaces such as rocks, 
pier piles, ship hulls, buoys, and even the bodies of 
whales and sea turtles. Their attachment can cause vari-
ous negative impacts on ships and marine engineering 
structures. A large number of barnacles significantly in-
crease underwater resistance, resulting in higher fuel 
consumption and potential damage to surface materials 
of marine structures. For example, on a 100,000-ton oil 
tanker under moderate biofouling conditions, hydrody-
namic drag can increase by up to 30%, leading to an ad-
ditional fuel consumption of approximately 12 tons per 
day, which directly elevates operating costs and sharply 
increases carbon emissions [2]. In addition, barnacle 
adhesion disrupts the hydrodynamic characteristics of 
ship hulls and alters surface metal properties, thereby 

accelerating corrosion [3]. For underwater observation 
instruments, especially high-precision sensors, microbi-
al fouling can degrade measurement accuracy, while 
barnacle settlement can drastically shorten the service 
life of such equipment [4].

Cleaning barnacles from ship hulls is typically per-
formed in dry docks [5], mainly using high-pressure  
water jets, scrapers, or chemical agents to remove foul-
ing and rust from the hull surface. However, dry-dock 
cleaning is costly and time-consuming, may damage an-
tifouling coatings, negatively affects fuel efficiency, and 
generates pollutants that can impact the environment. 
Since the 1960s, in order to improve barnacle removal 
efficiency, researchers worldwide have developed un-
derwater cleaning devices operated by divers. Never-
theless, due to complex and unpredictable underwater 
conditions, divers face considerable risks and challeng-
es during such operations. To further reduce human la-
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bor and enable autonomous removal of biofouling from 
ship hulls, intelligent underwater cleaning technologies 
have subsequently emerged [5].

Jotun, in collaboration with Kongsberg Maritime, has 
developed the Hull-Skater cleaning robot, which uses a 
rotating brush system for hull cleaning and is equipped 
with four magnetic wheels for flexible maneuvering. 
However, its adhesion and cleaning performance re-
main limited on surfaces with high curvature or com-
plex geometries [6]. The Naval Academy of Tunisia 
proposed the ARMROV underwater cleaning solution, 
which utilizes a robotic manipulator to cover hull areas 
underwater, reducing operational difficulty and energy 
consumption, though it is restricted to vessels of specif-
ic tonnage [7]. South Korea’s SLM Corporation intro-
duced the CHIRO cleaning system, capable of completing 
hull-cleaning operations on a 300-meter commercial 
vessel within eight hours [8]. Remora Technology, a 
company based in Turkey, released the Neta underwa-
ter cleaning robot, which employs a combination of 
crawler tracks and propeller propulsion and can be con-
trolled via a mobile application [9].

Research in this field started relatively late in China. 
The Kunming Haiwei Electromechanical Research Insti-
tute developed the SQ-101 underwater cleaning device, 
which uses thrusters for hull adhesion and caterpillar-
style locomotion, although its cleaning efficiency re-
mains low [10]. Qingdao Feimabin Company introduced 
a flexible negative-pressure cavitation system, using 
seawater as the working medium [11]. Harbin Banzhi-
lan Company released the BLUCR series, with the No. 3 
and No. 4 prototypes completing cleaning trials at Tang-
shan Port in March 2022 [12]. Tianjin Hanhai BlueSail 
launched the JH-IV hull-cleaning robot, which can be 
equipped with a variety of cleaning brush discs to re-
move barnacles under different operational scenarios, 
achieving a cleaning rate as high as 900 m²/h [13]. 
However, all the above hull-cleaning robots rely on ro-
tating brush technology or negative-pressure cavitation, 
and their effectiveness in removing barnacles remains 
insufficient. Wang et al. employed orthogonal cutting 
theory and the Peel-Zone method to design a marine 
steel-pile cleaning robot and developed a cutting-force 
model, validated by finite element simulations with an 
error of less than 15%. Their analysis showed that the 
rake angle has a significant influence on cleaning per-
formance, and they recommend avoiding excessive re-
duction of the rake angle during tool design [14]. At 

present, the use of blade-based barnacle removal in 
hull-cleaning robots has been mentioned only in pat-
ents or theoretical studies, with no in-depth research 
available.

Based on the investigation of barnacle adhesion at 
different physiological stages, the relevant parameters 
are summarized in Table 1 [15]. According to the data, 
once barnacles reach adulthood, the maximum force re-
quired for removal can reach 180 N, corresponding to 
an adhesion strength of 0.94 MPa. Therefore, if the de-
signed cleaning mechanism is capable of applying a re-
moval stress exceeding 0.94 MPa, it can effectively 
achieve hull surface cleaning [16]. In this study, adult 
barnacles are taken as the primary research object. A 
barnacle model and a cleaning-blade mechanism for a 
barnacle-removal robot are established to analyze the 
influence of the tool rake angle on cutting force and to 
determine the optimal rake angle. Subsequently, the 
cleaning stress corresponding to the optimal rake angle 
is simulated in ABAQUS and compared with the barna-
cle adhesion strength (0.94 MPa) to verify the theoreti-
cal cleaning capability of the mechanism. The findings 
aim to provide a reference for optimizing the tool de-
sign of barnacle-cleaning robots.

2	 Design Principle of the Barnacle-Cleaning 
Robot

This study proposes a barnacle-cleaning robot for 
ship hull maintenance, and its overall structure is 
shown in Figure 1. The robot is equipped with magnetic 
crawler tracks and thrusters, enabling stable adhesion 
to the hull surface and flexible mobility to accommodate 
complex curved geometries. In low-visibility underwater 
environments, an integrated lighting system provides 
sufficient illumination, effectively improving operation-
al visibility. A high-definition camera mounted on the 
robot captures real-time images of the hull surface, 
which are transmitted to the land-based control termi-
nal via an image transmission module. Combined with a 
target recognition algorithm, the system can accurately 
identify and locate barnacle attachments on the hull 
surface.

A cleaning blade is installed at the front end of the 
robot to mechanically remove barnacles using the ex-
trusion-cutting method. By integrating orthogonal cut-
ting theory with an extrusion failure mechanism, this 

Table 1 Attachment of barnacles at different stages.

Stage Attachment Type Removal Force / N Strength / MPa
Glandular juvenile Temporary adhesion < 0.001 0.16–0.29
Glandular larvae Permanent adhesion < 0.019 0.94

Shell juvenile Permanent adhesion < 0.350 0.18
Adult barnacle Permanent adhesion < 180 0.94
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cleaning approach ensures high removal efficiency 
while minimizing potential damage to the hull struc-
ture. As a result, the system achieves efficient and safe 
barnacle removal operations.

When barnacle removal is required, the robot is de-
ployed onto the hull surface, typically starting from the 
waterline or areas with severe fouling. An electromag-
netic crawler adhesion system is installed on the under-
side of the device. Once the robot contacts the steel hull, 
the electromagnets are energized to generate a strong 
magnetic field, ensuring stable adhesion. This enables 
fully independent underwater operation without any 
external support structures. Steering and trajectory 
planning are achieved through differential speed con-
trol of the left and right crawler tracks, allowing autono-
mous navigation along the hull surface and effective 
adaptation to complex geometries, including curved, 
uneven, and inclined regions.

Four thrusters are mounted at the bottom corners of 
the robot, with thrust vectors oriented perpendicular to 
the hull surface. These thrusters are primarily used to 
support attachment and detachment maneuvers. Once 
stable adhesion is established and the cleaning task be-
gins, the thrusters remain inactive in terms of propul-
sion. During movement, an onboard high-definition 
camera is activated to capture real-time images of the 
hull surface. The acquired images are processed by an 
integrated image-recognition module, where a target-
detection algorithm identifies and locates barnacle at-
tachment regions. The resulting positional information 
is then transmitted to guide the cleaning unit for precise 
operation.

Upon completion of target recognition, the cleaning 
blade mounted at the front of the robot is engaged. The 
blade operates based on the extrusion-cutting mecha-
nism, whereby contact is established with the barnacle 
at a prescribed angle, allowing the shell structure to be 

sheared and peeled away to achieve efficient removal. 
The cutting strategy is designed with full consideration 
of force orientation and hull material tolerance, ensur-
ing effective barnacle elimination while preventing sur-
face scratches or structural damage. To address limited 
visibility in the underwater environment, an auxiliary 
illumination module is automatically activated to en-
hance lighting conditions, improving both recognition 
accuracy and cleaning precision.

Throughout the cleaning process, real-time imagery 
and operation data are transmitted to the land-based 
control terminal, enabling continuous monitoring and 
adaptive strategy adjustment by the operator. After 
completing a designated cleaning region, the robot au-
tonomously moves to the next area and repeats the pro-
cedure until the entire hull surface has been processed. 
Once all tasks are completed, the robot returns to the 
initial deployment position and is subsequently re-
trieved at the water surface by the operator.

3	 Method and Model

3.1	 Cleaning Blade Dynamics Model

Barnacles adhere firmly to rigid substrates through 
secreted adhesive substances, and a hardened calcare-
ous shell gradually forms above the adhesive layer. The 
longer the adhesion time, the stronger the bonding be-
comes, which significantly increases the difficulty of  
removal. Although conventional cutting tools offer high 
sharpness, they tend to damage the hull during barnacle 
removal and exhibit relatively short service life. There-
fore, in this study, a classical cutting approach is adopt-
ed in combination with extrusion-cutting methods [17], 
and a theoretical analysis is carried out by utilizing the 
extrusion effect generated by a blunt, rounded cutting 
edge.

Lighting lamp

Camera

Cleaning blade structure

Magnetic track

Propeller

Figure 1 Barnacle-cleaning robot model.
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During the extrusion-cutting process, the theoretical 
rake angle may not participate in the actual cutting ac-
tion, because the cutting thickness is on the same order 
of magnitude as the radius of the Tool Blunt Round Edge 
(TBRE). In this case, the cutting force is generated by 
the effective rake angle of the TBRE. As illustrated in 
Figure 2, the angle between the tangential direction at 
the barnacle–TBRE contact point and the normal direc-
tion is defined as the effective rake angle at the contact 
point.

 
arcsin | | ( )

( ) 	
(1.1)

where γe is the effective rake angle, rn is the edge radius, 
h is the barnacle height, and γ0 is the theoretical rake 
angle.

The total cutting force acting on the tool is mainly 
composed of three components: the extrusion force 
generated by compressive action, the shear force pro-
duced during material shearing, and the frictional force 
induced by sliding at the tool–barnacle interface.

F = Fp + Fs + Ff	 (1.2)

where F is the total cutting force, Fp is the extrusion 
force, Fs is the shear force, and Ff is the friction force.
The extrusion force is generated during the extrusion-
cutting process by the combined compressive action of 
the Tool Blunt Round Edge (TBRE) and the effective 
rake-angle region, which induces localized compressive 
stress on the barnacle material. To estimate the extru-

sion force, this study employs an approximate method 
based on the contact area and the corresponding stress 
distribution.

	
(1.3)

where k=0.204 is a correction coefficient [17], σeq=0.94 
is the equivalent compressive strength of the barnacle 
material, aw is the cutting width, and ω denotes the ex-
trusion angle range.

Due to the presence of a tool rake angle introduced 
by practical manufacturing and processing constraints, 
the extrusion force range must be divided into two re-
gions according to the relationship between the cutting 
depth and the TBRE.

arccos ( )

	

(1.4)

During the shearing process, the instantaneous ef-
fective rake angle varies at each position along the cut-
ting path and therefore cannot be represented by a 
single unified value. Instead, it must be determined ac-
cording to the local material position at that moment. 
Thus, the instantaneous effective rake angle at any given 
point is expressed as

γe = arcsin(cos θ)	 (1.5)

When calculating the shear force, the shear force at 
each position should be evaluated individually and sub-
sequently superimposed to obtain the total shear force.

Barnacle shell

Barnacle adhesive

Tool

Figure 2 Cutting Force Model, γ0 is the theoretical rake angle, γe is the effective rake angle, ac is the height of the barnacle, 
rn is the radius of the flat edge.
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Using the same approach, the shear force in the y-axis 
can be expressed as
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3.2	 Establishment of the Idealized Barnacle Model

Based on a review of relevant literature and on-site 
investigations, it was found that an adult barnacle is pri-
marily composed of two parts: a calcareous shell and an 
adhesive base. In general, the diameter of a mature bar-
nacle is approximately 10 mm, while larger individuals 
may reach up to 50 mm. To improve the reliability of the 
geometric modeling, barnacle samples with relatively 
uniform morphology and dense distribution were se-
lected from nearshore regions. A micrometer was used 
for dimensional measurements, and a systematic sam-
pling method was employed to record key geometric 
parameters, including maximum diameter, minimum di-
ameter, and vertical height.

The collected measurements were statistically proc-
essed to obtain the mean values of each dimension, as 
summarized in Table 2. On this basis, to enhance mesh 
quality and reduce computational complexity during fi-
nite element simulation, multiple iterations of geomet-
ric adjustment and verification were conducted. The 
finalized parameters of the idealized barnacle model 
used in subsequent simulations are presented in Table 
3.

Table 2 Sampling average size of barnacles.

D1 (mm) D2 (mm) R1 (mm) R2 (mm) H (mm) B (mm)

10.46 6.53 5.23 3.27 8.48 1.47

Table 3 Dimensions of the Idealized Barnacle Model.

D1 (mm) D2 (mm) R1 (mm) R2 (mm) H (mm) B (mm)

10.5 6.5 5.25 3.25 8.5 1.5

Where D1 is the diameter of the larger circular cross-
section of the idealized barnacle model, D2 is the diame-
ter of the smaller circular cross-section, R1 and R2 are 
the corresponding radii, H is the height of the idealized 
barnacle model, and B is the shell wall thickness. Based 

on the pressure formula and the removal force of adult 
barnacles listed in Table 1, the barnacle–substrate con-
tact area is calculated to be 191.4 mm2. Using the circu-
lar area equation, the corresponding contact radius 
between the barnacle cement and the hull surface is ap-
proximately 7.8 mm [16].

4	 Results and Discussion

4.1	 Results and Analysis of the Cleaning Blade 
Dynamics Model

By solving the proposed model, the relationship be-
tween the rake angle and cutting force was obtained, as 
illustrated in Fig. 3. As shown in the figure, the rake an-
gle has a significant influence on the cutting force. When 
the rake angle is within the range of (0°, 50°), a smaller 
rake angle results in a larger required cutting force. In 
the range of [50°, 90°), the cutting force varies more 
gradually with respect to the rake angle. When the rake 
angle is approximately 20°, the corresponding cutting 
force is close to the maximum force required for barna-
cle removal (180 N). During the cleaning process, the 
cutting force generated by the cleaning blade will cause 
equal but opposite reaction forces. As the cutting force 
increases, the reaction force will also increase, which 
will not only accelerate the wear of the blade, but also 
increase the resistance and energy consumption of the 
barnacle cleaning robot during the propulsion process 
[18]. On the contrary, if the tool rake angle design is un-
reasonable and results in too little cutting force, it will 
be difficult to effectively break the hard shell structure 
of adult barnacles , thereby reducing cleaning efficiency. 
Taking into account the removal requirements of barna-
cles and the service life of cutting tools, 20° was ulti-
mately selected as the optimized rake angle parameter 
for cleaning tools.

Figure 3 Relationship between Front Angle and Cutting Force.
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modulus of 2×1011 Pa [16]. The hull plate was subjected 
to a fixed boundary condition, and the rake angle of the 
cleaning blade was set to 20°. The simulation assumed a 
static fluid environment surrounding the barnacle. To 
ensure the reliability of the numerical results, a custom 
meshing strategy was applied. Tetrahedral elements 
with a refined mesh size were used for both the barna-
cle shell and cement layers to accurately capture local 
deformation responses.

During the cleaning process, the ideal condition is 
that the blade directly engages with the exposed lower 
region of the barnacle shell. However, in practical scenar-
ios, sufficient contact with the shell base is often difficult 
to achieve. Therefore, a single generatrix on the barnacle 
surface was selected, and six discrete contact locations 
were defined along this line from the base upward for 
simulation analysis. The results are illustrated in Fig. 4. 

4.2	 Finite Element Analysis of Barnacle Cleaning

A finite element simulation was conducted on a sin-
gle barnacle adhering to the ship hull surface to evalu-
ate the cleaning forces, and the entire model was 
constructed and analyzed using ABAQUS. In the model, 
a rectangular steel plate was employed beneath the bar-
nacle to represent the ship hull surface, with dimen-
sions of 200 mm in length, 200 mm in width, and 20 
mm in thickness. After completing the geometry, mate-
rial parameters were assigned based on field observa-
tions and literature. The barnacle shell was defined with 
a density of 5000 kg/m³, a Young’s modulus of 1×1011 
Pa, and a Poisson’s ratio of 0.3, while the barnacle ce-
ment layer was defined with a density of 1190 kg/m³, a 
Young’s modulus of 3×109 Pa, and a Poisson’s ratio of 
0.1. Both the ship hull and cleaning blade were modeled 
as steel, with a density of 7850 kg/m³ and a Young’s 

Figure 4 Cleaning Stress on the Barnacle Adhesive Base-Hull Contact Interface: (a) Blade directly contacting barnacle shell base; 
(b) Contact point 1.5 mm from shell base; (c) Contact point 3.0 mm from shell base; (d) Contact point 4.5 mm from shell base;  

(e) Contact point 6.0 mm from shell base; (f) Contact point 7.5 mm from shell base.

(a)

(c)

(e)

(b)

(d)

(f)
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For further evaluation, the obtained stress results 
were compared with those of ultrasonic cavitation 
cleaning technology currently used in hull-cleaning ro-
bots [16]. The stress evolution for both methods was 
then plotted for comparison, as shown in Fig. 5.

From the simulation results in Fig. 4, it can be ob-
served that the minimum cleaning stress for a single 
barnacle reaches 4.581 MPa, which is more than four 
times the maximum adhesion strength between the bar-
nacle and the hull. Meanwhile, the barnacle model ex-
hibits a noticeable deformation response. This indicates 
that, under the current blade parameter settings, the 
stress induced by the cleaning blade sufficiently exceeds 
the adhesion threshold at the barnacle–substrate inter-
face, thereby enabling effective interfacial failure and 
ensuring reliable barnacle removal.

As shown in Fig. 5, the blue curve represents the 
maximum adhesion strength between the barnacle 
and the hull, the red curve represents the cleaning 
stress generated by ultrasonic cavitation technology 
during barnacle removal [16], and the gray curve cor-
responds to the stress profile produced by the cleaning 
blade model. The results demonstrate that the clean-
ing stress generated by the blade is approximately 
twice that of ultrasonic cavitation, and its minimum 
stress value still remains significantly higher than the 

barnacle’s maximum adhesion strength. Considering 
that barnacles on ship hulls predominantly exist in 
their adult form, and that the cleaning efficiency of ul-
trasonic cavitation for mature barnacles is only about 
30%, the proposed blade-based cleaning method  
exhibits clear advantages in both stress output and  
removal efficiency. It should be noted that the compar-
ison between the two cleaning techniques in this article 
is mainly based on mechanical response characteris-
tics and cleaning stress levels, with a focus on verifying 
the feasibility and effectiveness of the cleaning knife 
technology in overcoming barnacle adhesion, without 
involving engineering quantitative indicators such as 
unit area cleaning energy consumption and cleaning 
time. In addition to effectively overcoming barnacle 
adhesion and achieving thorough removal, the stress 
generated by the blade is concentrated at the barna-
cle–substrate interface, minimizing its influence on the 
hull surface. This indicates superior safety and engi-
neering feasibility compared with ultrasonic cavitation 
removal.

Based on the above results, a dual-barnacle adhesion 
model was further developed to evaluate the adaptabili-
ty and cleaning stability of the blade in more complex 
fouling scenarios. This extended model forms the foun-
dation for subsequent simulations involving different 

Figure 5 Minimum cleaning stress lines generated by different cleaning techniques.
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barnacle distributions and quantities (e.g., collinear ar-
rangements, random staggered distributions, or densely 
clustered formations). Aside from the addition of a sec-
ond barnacle, all other simulation parameters remained 
consistent with those used in the single-barnacle model. 
The stress distribution generated at the cement–sub-

strate interface is shown in Fig. 6, and the correspond-
ing stress-variation curve is plotted in Fig. 7.

As shown in Fig. 7, the cleaning stresses generated 
by the blade model for both the single- and double-bar-
nacle cases remain consistently at approximately four 
times the maximum adhesion strength between the bar-

Figure 6 Cleaning Stress on Dual Barnacles’ Adhesive Base-Hull Contact Interface: (a) Blade directly contacting barnacle shell bases; 
(b) Contact point 1.5 mm from shell bases; (c) Contact point 3.0 mm from shell bases; (d) Contact point 4.5 mm from shell bases; 

(e) Contact point 6.0 mm from shell bases; (f) Contact point 7.5 mm from shell bases.

(a)

(c)

(e)

(b)

(d)

(f)



272 X. Shi et al. / Scientific Journal of Maritime Research [Pomorstvo] 40 (2026) 264-279

nacle and the hull, with only minor differences between 
the two conditions. This indicates that the cleaning 
blade provides sufficient stress to overcome the adhe-
sive bonding and achieve effective detachment, regard-
less of whether a single barnacle or two adjacent 
barnacles are present. A detailed comparison shows 
that the minimum cleaning stress in the single-barnacle 
model occurs at Point 5, while that of the double-barna-
cle model appears at Point 1. This suggests that the 
presence of a neighboring barnacle has a localized influ-
ence on the stress distribution; however, the minimum 
stress remains well above the maximum adhesion 
strength, ensuring continuous and stable cleaning per-
formance. Furthermore, Fig. 7 demonstrates that the 
cleaning blade maintains a uniform stress distribution 
in the double-barnacle scenario, guaranteeing cleaning 
efficiency and operational reliability under multi-barna-
cle attachment conditions. Therefore, the blade-based 
cleaning technology not only effectively removes indi-
vidual barnacles but also sustains stable performance 
when dealing with clustered fouling, making it more 
suitable for efficient barnacle removal in engineering 
applications compared with ultrasonic cavitation.

The above results confirm that the cleaning blade ex-
hibits stable stress characteristics and strong detach-

ment capability when removing both single and paired 
barnacles. To further investigate its applicability and 
cleaning performance under large-area and continuous 
operating conditions, it is necessary to extend the analy-
sis to more realistic scenarios involving various barna-
cle distribution patterns and attachment conditions.

5	 Simulation Study of the Cleaning Blade 
under Different Barnacle Distribution 
Conditions

The two-barnacle cleaning simulation demonstrates 
that when the cleaning blade acts on two adjacent bar-
nacles simultaneously, the resulting stress level is com-
parable to that of the single-barnacle case, indicating 
that the mutual mechanical interference between neigh-
bouring barnacles is not significant. This suggests that 
the blade can maintain stable cutting performance un-
der localized multi-point cleaning conditions. However, 
in practical scenarios, the attachment morphology of 
barnacles on ship hulls varies in density and spatial ar-
rangement, and the cleaning blade will inevitably en-
counter diverse distribution patterns during operation. 
To further analyze the force characteristics and cleaning 
effectiveness of the blade under different attachment 

Figure 7 Minimum cleaning stress line generated by different stress points of double barnacles.
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configurations, three simulations were conducted based 
on the double-barnacle model: collinear distribution, 
staggered distribution, and dense multi-barnacle distri-
bution. These simulations are intended to investigate 
the influence of barnacle arrangement on cleaning 
stress distribution and removal performance.

5.1	 Cleaning of Collinear Barnacle Distribution

A collinear cleaning simulation model was estab-
lished in ABAQUS, in which the cleaning blade performs 
a constant-speed linear translation along the hull sur-
face, replicating the continuous sliding motion observed 
during actual cleaning operations. The blade rake angle 
was set to 20°, maintaining a constant contact angle 
with the hull surface to ensure a stable cutting force di-
rection. Since Point 1 is closer to the interface between 
the barnacle cement layer and the hull, it more accu-
rately reflects the stress state at the adhesion boundary 
during blade operation. This feature makes it suitable 
for analyzing effective stress transmission and barnacle 
detachment behavior. Therefore, to investigate the force 
evolution and removal mechanism during continuous 
cleaning, four barnacle models with equal spacing were 

Figure 8 Finite element model of collinear barnacle 
distribution.

Figure 9 Cleaning stress distribution during collinear barnacle removal: (a) the cleaning blade contacts the first barnacle; 
(b) the cleaning blade contacts the second barnacle; (c) the cleaning blade contacts the third barnacle; (d) the cleaning blade 

contacts the fourth barnacle.

arranged along the cleaning path, and Point 1 was se-
lected as the blade–barnacle contact position, as illus-
trated in Fig. 8.

As shown in the four simulation results in Figure 9, 
when the rake angle of the cleaning blade is set to 20° 
and the blade performs continuous motion along the 
hull surface, it can stably penetrate the interface be-

(a)

(c)

(b)

(d)
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tween the barnacle shell and the hull coating, thereby 
achieving effective overall barnacle detachment. During 
the cleaning process, the force acting on the blade re-
mains smooth without noticeable rebound or sliding, 
indicating that the selected rake angle provides a favo-
rable cutting condition that ensures both continuity and 
stability of the cleaning operation.

Further evidence can be obtained from the stress 
distribution curve in Figure 10, where the stress varia-
tions experienced by multiple barnacles along the col-
linear path exhibit a consistent trend with minimal 
fluctuation. This demonstrates that the blade can main-
tain a uniform force distribution under collinear attach-
ment conditions. The minimum stress value reaches 5.3 
MPa, which is approximately five times the maximum 
adhesion strength between the barnacle and the hull 
surface. This confirms that the stress applied by the 
blade is sufficient to overcome the barnacle adhesion 
force and achieve efficient removal. Meanwhile, the 
stress remains primarily concentrated within the bar-
nacle shell and the adhesion interface, with minimal im-
pact on the hull substrate, thereby ensuring both the 
safety and reliability of the cleaning process.

5.2	 Staggered Arrangement Cleaning

In ABAQUS, a simulation model of barnacle removal 
with a staggered arrangement was established, in which 
the cleaning blade moves at a constant velocity along 
the hull surface to reproduce the sliding-cleaning proc-
ess encountered in practical operations. The rake angle 
of the blade was again set to 20°, ensuring stable con-
tact with the hull surface and maintaining a consistent 
force direction. Unlike the collinear arrangement, the 
barnacles in this model were positioned in a staggered 
pattern, where the centers of adjacent barnacles were 
laterally offset from the cleaning path. This configura-
tion better reflects the non-uniform distribution of bar-
nacles on actual ship surfaces and facilitates the analysis 
of force variations and stress transmission characteris-
tics when multiple targets are engaged in a non-colline-
ar manner. During the simulation, the cleaning blade 
started from a fixed initial position and sequentially en-
gaged each staggered barnacle, enabling the study of 
the stress response and its influence on removal effec-
tiveness under a non-collinear distribution, as shown in 
Fig. 11.

Figure 10 Stress variation curve for the collinear barnacle removal process.
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From the simulation process shown in Fig. 12, it can 
be observed that when the rake angle of the blade is set 
to 20°, the cleaning blade model is able to effectively re-
move barnacles arranged in a random staggered pat-
tern. As the blade sequentially engages barnacles 
located at different positions along the cleaning path, 
the adhesion interface between the barnacle shell and 

the hull surface is progressively destroyed, indicating 
that the cleaning stress generated by the blade is suffi-
cient to overcome the maximum adhesion strength of 
the barnacles and achieve stable detachment. This dem-
onstrates that variations in the spatial distribution of 
barnacles do not cause a significant negative effect on 
the cleaning outcome, and the removal process remains 
stable throughout.

A further comparison of the stress evolution trends 
between collinear and staggered cleaning, as illustrated 
in Fig. 13, shows that in both conditions the cleaning 
stress remains at approximately 5 MPa, which is about 
five times higher than the adhesion strength of the bar-
nacles. This level of stress is sufficient to ensure reliable 
detachment in both cases. Although the stress in the 
collinear arrangement is slightly higher than that in the 
staggered arrangement, the difference is minor, and 
both conditions satisfy the critical requirement for bar-
nacle removal. These results indicate that the proposed 
cleaning blade technology maintains stable cleaning 
performance under different barnacle distribution pat-
terns and can effectively accommodate force variations 

Figure 11 Staggered-arrangement cleaning simulation model.

Figure 12 Cleaning stresses generated during collinear barnacle removal: (a) blade contacting the first barnacle; 
(b) blade contacting the second barnacle; (c) blade contacting the third barnacle; (d) blade contacting the fourth barnacle.

(a)

(c)

(b)

(d)
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caused by multi-body staggered arrangements, ensuring 
continuity and reliability in the cleaning process. The 
staggered-arrangement simulation verifies the adaptabil-
ity of the cleaning blade under non-collinear and multi-
target conditions, providing theoretical and simulation 
support for subsequent investigations of large-area 
cleaning scenarios involving dense barnacle fouling.

5.3	 Dense Distribution Cleaning

On actual ship hull surfaces, barnacles are typically 
distributed in large-scale dense patterns, which signifi-
cantly increase interaction effects and stress superposi-
tion during the cleaning process. To further evaluate the 
stability and adaptability of the proposed cleaning blade 
under complex fouling conditions, a dense multi-barna-
cle distribution model is constructed based on the col-
linear and staggered arrangements. In this scenario, a 
200 mm × 200 mm hull surface area is considered, within 
which twelve barnacles are randomly distributed, corre-
sponding to an attachment density of approximately 300 
barnacles/m². This density falls within a reasonable and 
relatively conservative range for high-density fouling 
conditions commonly observed below the ship waterline, 
allowing the interaction and stress superposition effects 
to be effectively captured while avoiding numerical insta-

bility associated with excessively high attachment densi-
ties. All other simulation conditions remain consistent 
with those of the previous two arrangement cases, and 
the corresponding model is shown in Fig. 14.

Fig. 15 shows the stress distribution during the clean-
ing of densely distributed barnacles. Specifically, Fig. 
15(a) illustrates the stress field when the tool engages 
the first barnacle, while Fig. 15(b) and Fig. 15(c) present 

Figure 13 Comparison of stress variation between collinear and staggered barnacle-removal conditions.

Figure 14 Dense-distribution cleaning simulation model.
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the stress distribution when the cleaning blade interacts 
with barnacles located in the central region of the dense 
cluster. Fig. 15(d) displays the stress response when the 
tool removes the final barnacle in the distribution. As 
shown in Fig. 15(a-d), when the rake angle of the tool is 
set to 20°, the stress at the tool-barnacle interface re-
mains within the range of 4.9-5.4 MPa, which is signifi-
cantly higher than the maximum adhesion strength of 
barnacles. This indicates that the proposed cleaning-
blade model maintains sufficient debonding capability 
even under densely distributed attachment conditions. 
Moreover, the simulation results in Fig. 15 demonstrate 
that as the blade slides along the hull surface, multiple 
adjacent barnacles are sequentially removed within a 
short period. This confirms that the cleaning blade exhib-
its good cutting stability and operational continuity when 
cleaning barnacles in high-density fouling scenarios.

Figure 15 Clean stress generated during dense-distribution barnacle cleaning: (a) contact between the cleaning blade and the 
first barnacle; (b) contact with the barnacle at one-third of the path; (c) contact with the barnacle at two-thirds of the path;  

(d) contact with the last barnacle.

As shown in Fig. 16, under the three different barna-
cle distribution conditions, the average cleaning stress 
acting on the barnacles remains approximately 5 MPa, 
which is more than five times the maximum adhesion 
strength of the barnacles. This indicates that the pro-
posed cleaning-blade model can provide sufficient 
debonding capability under collinear, staggered, and 
densely distributed barnacle arrangements, effectively 
overcoming the adhesion between barnacles and the 
hull and achieving thorough removal of adult barnacles. 
Moreover, the variation in average stress across the 
three distribution modes is minimal, demonstrating 
that the cleaning blade can maintain stable cutting forc-
es and continuous cleaning performance under differ-
ent fouling arrangements, providing a reliable basis for 
efficient removal of barnacles on realistically heteroge-
neous hull surfaces.

(a)

(c)

(b)

(d)
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6	 Conclusions

To address the issue of barnacle removal from ship 
hulls, a dynamics model of the cleaning blade was estab-
lished by combining classical cutting theory with the ex-
trusion cutting method. The analysis results indicate 
that when the tool rake angle is 20°, the corresponding 
cutting force is close to the barnacle removal force, pro-
viding a reliable theoretical basis for subsequent finite 
element simulations.

An idealized adhesion model of barnacles on the hull 
surface was constructed, and finite element simulations 
were performed with the blade rake angle set to 20°. 
The results show that, under both single- and double-
barnacle conditions, the cleaning stress produced by the 
blade is about four times greater than the barnacle ad-
hesion strength. This confirms that the optimized blade 
can efficiently remove barnacles with stable perform-
ance while minimizing the additional drag and fuel con-
sumption caused by fouling. Compared with ultrasonic 
cavitation technology used in conventional hull-clean-
ing robots, the proposed blade model demonstrates ad-
vantages in stress uniformity, energy efficiency, and 
cleaning consistency.

Further simulations under various barnacle distri-
bution patterns—collinear, staggered, and densely clus-
tered—show that the cleaning blade provides sufficient 

removal stress, with average values exceeding five times 
the barnacle adhesion strength. These results highlight 
the blade’s capability to maintain high cleaning efficien-
cy and uniform stress distribution across complex adhe-
sion conditions, offering an environmentally sustainable 
and energy-saving approach for improving ship hydro-
dynamic performance and navigation efficiency. 

Further simulations under various barnacle distri-
bution patterns—collinear, staggered, and densely clus-
tered—show that the cleaning blade provides sufficient 
removal stress, with average values exceeding five times 
the barnacle adhesion strength. These results highlight 
the blade’s capability to maintain high cleaning efficien-
cy and uniform stress distribution across complex adhe-
sion conditions, offering an environmentally sustainable 
and energy-saving approach for improving ship hydro-
dynamic performance and navigation efficiency.
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