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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.

D, (mm) D_2 (mm) K (mm) ﬁz (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.

D,(mm) | D,(mm) | R (mm) | R,(mm) | H (mm) | B (mm)
10.5 6.5 5.25 3.25 8.5 1.5

Where D, is the diameter of the larger circular cross-
section of the idealized barnacle model, D, is the diame-
ter of the smaller circular cross-section, R, and R, 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 mm? 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.
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Figure 3 Relationship between Front Angle and Cutting Force.
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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/m?, a Young’s modulus of 1x10"
Pa, and a Poisson’s ratio of 0.3, while the barnacle ce-
ment layer was defined with a density of 1190 kg/m?, a
Young’s modulus of 3x10° 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/m> and a Young’s
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modulus of 2x10'! 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.
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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.
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Figure 5 Minimum cleaning stress lines generated by different cleaning techniques.

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
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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.

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-
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Figure 7 Minimum cleaning stress line generated by different stress points of double barnacles.

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



X. Shi et al. / SCIENTIFIC JOURNAL OF MARITIME RESEARCH [Pomorstvo] 40 (2026) 264-279 273

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
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Figure 8 Finite element model of collinear barnacle
distribution.

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-
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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.
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Figure 10 Stress variation curve for the collinear barnacle removal process.

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.
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Figure 11 Staggered-arrangement cleaning simulation model.

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

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 x 200 mm hull surface area is considered, within
which twelve barnacles are randomly distributed, corre-
sponding to an attachment density of approximately 300
barnacles/m?. 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-

Figure 14 Dense-distribution cleaning simulation model.

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
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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.

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.

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.
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Figure 16 Average cleaning stress acting on barnacles under different distribution patterns.

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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