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Abstract: In certain precision work scenarios, underwater robots require the ability to adhere to
surfaces in order to perform tasks effectively. An efficient and stable suction device plays a pivotal
role in the functionality of such underwater robots. The vortex suction cup, distinguished by
its uncomplicated design, high suction efficiency, and capability for non-contact adhesion, holds
significant promise for integration into underwater robotic systems. This paper presents a novel
design for a vortex suction cup and investigates its suction force and torque when encountering
surfaces with varying curvature radii using Computational Fluid Dynamics (CFD) simulations and
experimental testing. These findings offer valuable insights for the development of robots capable
of adapting to underwater structures of different dimensions. Results from both experiments and
simulations indicate that reducing the curvature radius of the adhered surface results in a decrease
in suction force and an increase in torque exerted on the suction cup. As the adhered surface
transitions from flat to a curvature radius of 150 mm, the adhesion force of our proposed vortex
suction cup decreases by approximately 10%, while the torque increases by approximately 20% to
30%. Consequently, the adhesion efficiency of the suction cup decreases by about 25% to 30%.

Keywords: underwater robot; vortex suction cup; underwater structure

1. Introduction

In recent years, the demand for inspecting, cleaning, and maintaining various under-
water structures has surged, resulting in the creation of various underwater examination
robots [1–7] designed to undertake hazardous tasks in place of humans. In these appli-
cations, tasks have become increasingly intricate, necessitating higher levels of mobility
and stability in robots. Often, robots must securely adhere to working surfaces to execute
detection tasks effectively. Hence, one of the most challenging aspects of designing such
underwater vehicles is devising suitable adhesion mechanisms to ensure reliable wall
attachment without compromising mobility.

Various technologies have been employed for underwater adhesion, including mag-
netic [8–10], vacuum [11,12], propeller [13–15], and Bernoulli negative pressure adsorp-
tion [3,6,16,17]. However, each method has its drawbacks. For example, magnetic adhesion
is limited to ferromagnetic materials, which are uncommon in nuclear power pools, pre-
dominantly composed of weak magnetic materials. Although most offshore structures
are ferromagnetic, their underwater sections are typically encased in thick anti-corrosion
layers, reducing adhesion effectiveness. Vacuum suction cups require wall contact to main-
tain vacuum seals, causing friction that impedes robot movement, particularly on uneven
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surfaces. Propeller and Bernoulli negative pressure adsorption, while not constrained by
surface material or flatness, demand substantial power and yield low adhesion efficiency.

Vortex suction cups have made headway in addressing these challenges. These devices
generate negative pressure through high-speed vortex rotation within a chamber. Vortex
suction cups retain high-speed fluid within the chamber, limiting energy exchange with
external fluid. Compared to thruster reverse thrust and Bernoulli negative pressure adsorp-
tion, vortex adhesion requires less power to achieve greater adhesion force. Li et al. [18]
concluded through experiments that pneumatic vortex suction cups require less flow and
air power loss than pneumatic Bernoulli suction cups. Li et al. [19–21] demonstrated that
pneumatic vortex suction cups require less airflow and experience lower air power loss than
traditional pneumatic suction cups. The authors Zhu et al. [22] designed an underwater
vortex suction cup powered by electricity, and studied the correlation between impeller
speed, adsorption gap, and adhesion force. Zhao et al. [23] devised a method involving
the utilization of a vortex suction cup that introduces high-pressure water tangentially
to induce rapid rotation of the chamber, thereby generating adhesion force, successfully
deploying it in underwater robots. Fan et al. [24] investigated the impact of various factors,
including the number of impeller blades, cup shell configuration, adsorption gap, and
impeller velocity, on the adhesion capability of suction cups.

However, previous research on vortex suction cup adhesion surfaces has assumed
flat surfaces, neglecting the impact of varying surface curvature. When the adsorption
tube diameter is small, the suction cup adhesion gap can vary significantly. Extensive
research indicates a strong correlation between vortex suction cup adhesion performance
and adhesion gap. Thus, changes in adhesion surface curvature can significantly affect
suction cup adhesion performance. This paper aims to explore the influence of adhesion
surface curvature on vortex suction cup adhesion performance through CFD dynamic
simulation and experimental validation, providing essential insights for underwater robots
operating on structures with different pipe diameters.

This paper presents a motor-driven vortex suction cup design, evaluating its adhesion
characteristics under diverse conditions using CFD methods. Flow field analysis encom-
passes velocity and pressure distribution. An experimental platform quantifies adhesion
characteristics, including force and torque parameters, under varying curvature radii and
speeds in underwater environments. Power consumption under different adhesion surface
curvatures is derived through torque, speed, and power mathematical relationships. An
efficiency parameter, η = F/P, where 1 W power yields the adhesion force, torque, and
other experimental and simulation-derived information, is constructed. Analysis of scroll
suction adhesion force, torque, and efficiency under varying adhesion surface curvature
quantifies the curvature’s impact on scroll suction.

The following sections are organized in the following manner: Section 2 delineates
design considerations for vortex-based suction, focusing on cup curvature radius and
adhesion surface influence on the adhesion gap. Section 3 presents Computational Fluid
Dynamics (CFD) techniques for analyzing the flow and pressure distribution of vortex
suction cups. Section 4 analyzes and compares adhesion properties of surfaces with
different curvatures through experimental verification. Section 5 summarizes the main
findings and proposes further research avenues.

2. Vortex Suction Cup and Adsorption Gap
2.1. The Proposed Vortex Suction Cup

The proposed device for vortex suction is shown in Figure 1. A motor serves as
the driving source, a impeller generates eddy currents, and a cup shell creates negative
pressure. An encoder measures the motor speed and provides feedback to the motor driver.
The cylindrical cavity cup shell has an upper surface that is sealed and firmly attached to
the motor. The impeller, which has twelve blades symmetrically distributed perpendicular
to the chamber’s upper surface, is securely connected to the motor shaft. Each blade has
an angle φ at its outermost point. Eddy currents are created when the impeller rotates,
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propelled by the motor, and create negative pressure gradients within the chamber. As
a result, there is lower pressure on the inner surface of the cup shell chamber than on its
outer surface, leading to suction force acting on top of it. The magnitude of this suction
force increases with greater negative pressure.
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Figure 1. Schematic diagram of the vortex suction cup.

Figure 2 illustrates the structural size diagram of the scroll suction cup utilized in this
investigation. In the frontal perspective, the vertical distance separating the impeller and
the surface of the chamber is referred to as H1. The height of the impeller is denoted as
H, while a deliberate gap labeled H2 exists between the impeller and the lower surface of
the chamber to prevent any potential contact or abrasion between them. In terms of an
overhead view, there is a folding angle φ present at the outer end of the impeller, with
specified dimensions including the impeller radius r1, inner cavity radius r2, outer cavity
radius r3, and shell radius r4. Table 1 provides a detailed list of these specific dimensions.
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Figure 2. Vortex suction cup structure dimension definition diagram.

Table 1. Dimensions of vortex suction cup.

H H1 H2 r r1 r2 r3 r4 φ

10 mm 1.3 mm 0.7 mm 10 mm 42.3 mm 58.5 mm 60 mm 70 mm 150◦

2.2. The Adsorption Gap of Vortex Suction Cup

Fan et al. [22,24] indicate that the adsorption force generated by the vortex suction cup
varies with the distance between the wall and the suction cup. Consequently, this section
will explore the correlation between the adhesion gap of the suction cup and the curvature
radius of the wall.
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In practical work, underwater structures often have uneven surfaces due to obstacles
such as marine organisms. To ensure adequate maneuverability for underwater robots,
the vortex suction cup is positioned at a minimum vertical distance of h = 10 mm from the
wall, as depicted in Figure 3. The suction cup adheres to a surface with a curvature radius
of R, with the narrowest and widest gaps defined as h and hmax, respectively. This setting
establishes the following relationship:

hmax = R −
√

R2 − r2
4 + h (1)
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Figure 3. Schematic diagram of vortex suction cup adsorbing gaps.

Based on Equation (1), we investigated the relationship between the curvature radius
R of different underwater structures’ surfaces and the maximum adsorption gap hmax.
The numerical results are illustrated in Figure 4. It is observed that as the radius of wall
curvature decreases, the maximum adsorption gap hmax of the vortex suction cup increases.
Specifically, for wall curvature radii less than 1000 mm, hmax exhibits a pronounced variation.
In contrast, when the wall curvature radius exceeds 1000 mm, the change in the maximum
adsorption gap becomes more gradual, with a variation of less than 2.5 mm. Consequently,
for subsequent simulation and verification experiments, it is advisable to design a greater
number of experimental groups for radii below 1000 mm, whereas fewer groups suffice for
wall radii exceeding 1000 mm.
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3. Computational Fluid Dynamics (CFD) Simulation

Through theoretical analysis of the suction mechanism in vortex suction cups, it
has been established that adhesion force arises from high-speed rotation within the
chamber. To examine the influence of various wall curvature radii on adhesion perfor-
mance, we used a Computational Fluid Dynamics (CFD) simulation approach to analyze
adhesion force and torque when encountering walls with diverse curvature radii. Ex-
tensive investigations indicated that numerical simulations conducted with Star CCM+
2310 (18.06.006-R8) software align more closely with real-world scenarios, justifying our
selection for these simulations.

3.1. Simulation Setup

In CFD simulations, the vortex suction cup was simplified as a cup shell and an
impeller. Different curvature radii fixed plates were used as adsorption surfaces to generate
suction force, with the closest distance between the suction cup and the adsorption surface
being h = 10 mm, as shown in Figure 5. A total of six sets of models with different curvature
radii and one set of flat models were used for CFD simulations. After importing the
models into the computational domain, different rotational speeds (n = 1000, 1500, 2000,
2500 r/min) were set for each model’s impeller to investigate the effect of rotational speed on
adsorption performance. In order to reduce cell quantity and save computational resources
without compromising accuracy, only a portion of wall surfaces (chord length = 1.5 d) were
simulated during the simulation process. The computational domain of the simulation is
shown in Figure 6. The entire device was placed in a cylindrical flow field with a cylinder
diameter of 10 d and height of 4 d, where d denotes the largest dimension of the suction
cup enclosure.
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For the simulation of turbulence, the k-ε model was chosen. The k-ε model stands as
the most commonly used turbulence model in Computational Fluid Dynamics (CFD). It
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boasts superior computational efficiency compared to Reynolds Averaged Navier–Stokes
(RANS) and Large Eddy Simulation (LES) models, enabling the simulation of large flow
fields within shorter time frames. Moreover, this model finds extensive application in
engineering, offering calculation results that closely align with real-world scenarios [25–27].
Hexahedral mesh was employed for grid division, as depicted in Figure 7. Within the
rotating region of the impeller, a rotational domain was defined. The rotational domain was
partitioned using a dynamic grid technique to accurately simulate impeller rotation. Other
fluid regions were designated as static domains, with an interface established between the
rotating and static domains for data transmission and interpolation. In order to improve the
accuracy of the solution, an orthogonal prism layer grid was generated at the interface of
the rotating domain, with areas featuring complex flow fields refined, such as the blade and
suction cup gap. A specific rotational speed was imposed on the impeller as the moving
wall boundary condition. The surface of the suction shell, fixed walls, and the side and
bottom of the cylinder basin were set as non-slip wall conditions, while the upper surface
of the water was defined as the pressure outlet boundary condition.
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The simulation time step was calculated according to the following formula:

∆T =
1

n
60 · 360

(2)

Among them, n represents the rotational speed of the impeller, and at n = 2500 rpm,
∆T = 6.67 × 10−5 (s). In order to verify that grid partitioning has no influence on experi-
mental results, it is necessary to conduct a grid independence verification. Three different
sizes of cells were selected for simulation, and the results are shown in Table 2 (R = 150 mm,
h = 10 mm, n = 2500 r/min). After conducting simulations, it was found that the medium-
sized and fine-sized mesh systems produced nearly identical results. Therefore, to ensure
accuracy while conserving computational resources, we have chosen to use the medium-
sized mesh system for future simulations.

Table 2. Grid independence verification results.

Coarse Medium Fine

Basic size 0.12 (mm) 0.1 (mm) 0.08 (mm)
Mesh quantity 764,024 1,142,622 1,989,966

Simulation force 270 (N) 270 (N) 269 (N)
Simulation torque 0.88 (Nm) 0.91 (Nm) 0.91 (Nm)

3.2. Simulation Flow Field Observation
3.2.1. Flow Velocity Distribution

The velocity distribution of the flow in the XZ plane of the suction cup under different
adsorption surface curvature radii is shown in Figure 8 (h = 10 mm, n = 2000 r/min).
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Changes in the adsorption gap resulting from variations in the curvature of the adsorption
surface are clearly visible in the XZ plane, along with the distribution of fluid within
these gaps. Figure 8 illustrates that the distribution pattern of internal velocities within the
suction cup remains essentially consistent for different radii of adsorption surface curvature,
with velocities proportional to the impeller’s radius within a certain range. Additionally, it
is evident that the high-speed rotating vortices inside the suction cup chamber induce fluid
rotation beneath it. As the curvature radius decreases, the maximum adsorption gap, hmax,
gradually increases, providing a larger channel for velocity and energy exchange between
internal and external fluids. More fluid beneath the suction cup is also driven into rotation.
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3.2.2. Pressure Distribution

Figure 9 illustrates the pressure distribution in the XZ plane of a suction cup under
different adsorption surface curvature radii (h = 10 mm, n = 2000 r/min). It can be observed
that the internal pressure distribution within the suction cup remains relatively consistent
without any adsorption surface curvature. The high-speed rotating vortex creates a negative
pressure region inside the suction cup, with an increasing absolute value of negative
pressure as it approaches the center. As the radius of the curvature decreases, both the
area and maximum absolute value of this negative pressure region gradually decrease.
Since the adhesion force generated by vortex suction cups relies on the difference between
external and internal surface pressures on their shell, adhesion force also diminishes with a
decreasing radius of curvature.
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4. Experimental Validation and Discussion
4.1. Setup for the Experiment

The adsorption performance of the suction cup was tested using a specially de-
signed testing platform, as depicted in Figure 10. This platform primarily comprised
a framework housing all testing apparatus. A gap adjustment mechanism utilized the
combination of a screw nut and linear guide to adjust the distance between the suction
cup and the adsorption surface. Rotating the screw enabled the vertical movement of
the suction cup, facilitating accurate distance adjustment from the wall. A force sensor
(GAMMA IP68 IS-130-10, AIT-IA, Apex, NC, USA) was used to measure the suction
force and output torque of the suction cup. The Z-axis force measuring range spanned
from 0 to 400 N, with a force resolution of 0.1 N. Additionally, the torque measuring
range was 10 Nm, accompanied by a torque resolution of 0.0025 Nm. The simulated
adsorption surface body was affixed to the bottom plate of the frame using bolts and
then aligned with the suction cup using the gap adjustment mechanism (The simulated
physical photographs of objects with different diameters are shown in Supplementary
Material Figure S1). Upon completion of adjustments, the locking device was engaged
to secure it. At this stage, the connection between the suction cup and the framework
became rigid, and the suction force generated became the internal force applied within
the testing platform. After adjusting the gap and tightening the screw rod, the entire
apparatus could be considered as rigidly connected. At this point, it was equivalent to
the force sensor being fixed to the frame, and the suction force generated by the vortex
suction cup would cause the strain gauge of the force sensor to experience tensile strain.
By measuring the magnitude of this tensile strain, the force sensor could determine the
suction force of the vortex suction cup. The measurement principle for the torque of the
vortex suction cup is analogous.
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Due to limitations imposed by our current experimental apparatus and for operational
convenience, we are currently conducting our experiments in a water tank made of PVC
plastic with limited dimensions. The tank has measurements of 70 cm length, 45 cm width,
and 50 cm height, with the water depth set at 30 cm. During the experiment, it was evident
that high rotational speeds induced vortex formation in the water tank. However, their flow
velocity remained relatively low compared to the high-speed vortices within the suction
cup and can be deemed negligible. Consequently, they exerted minimal influence on the
experiment results of the suction cup.

4.2. Results and Discussions
4.2.1. Comparison of Experimental and Simulation Results

The primary objective of this section is to assess the accuracy of Computational Fluid
Dynamics (CFD) simulation methods by evaluating the errors between simulated and
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experimental data. The relative error between simulation and experiment is compared
by examining the simulation and experimental data of the vortex suction cup rotating at
a speed of n = 2000 r/min as an example. Table 3 provides the data for simulation and
experimental comparison.

Table 3. Data for simulation and experimental comparison.

Adsorption Surface
Curvature Radius (mm)

Experimental Force
(N)

Simulated Force
(N)

Experimental Torque
(Nm)

Simulation Torque
(Nm)

150 173 173 0.56 0.54
200 179 175 0.49 0.49
300 181 180 0.45 0.48
500 185 182 0.48 0.48
800 186 186 0.47 0.46

2000 187 191 0.46 0.44
Flat 191 192 0.46 0.45

Assuming the experimental results as accurate, the simulation’s force relative error
(δF) can be determined using the following calculation:

δF =

∣∣Fsim − Fexp
∣∣

Fexp
× 100% (3)

In this context, Fsim represents the simulation force and Fexp represents the experimental
force. The torque relative error δT can be calculated using Equation (3) by substituting Tsim
and Texp, which represent the simulated torque and experimental torque, respectively. The
results associated with each data point are depicted in Figure 11. The force and torque exhibit
maximum relative errors of 2.29% and 6.25%, respectively, while the adsorption force and
torque demonstrate average relative errors of 1.02% and 2.70%. Due to the limitation of the size
of the experimental water tank, we observed that the external water flow around the suction
cup was affected by high-speed vortices inside the suction cup, resulting in slow movement
within the water tank. In simulation, the volume of the simulated domain is much larger than
the actual volume of the water tank, which may be one potential reason for discrepancies
between experimental and simulated results. Overall, these errors fall within an acceptable
range, indicating that the CFD simulation adequately represents this complex problem.
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4.2.2. Adsorption Forces

Figure 12 shows the experimental results of the adsorption force of the suction cup
under different surfaces and different rotational speeds. As can be seen from Figure 12a,
the adsorption force of the suction cup is greatly affected by the speed of the impeller,
and the adsorption force is approximately proportional to the square of the speed of the
impeller. In order to more clearly quantify the influence of the curvature of the adsorption
surface on the adsorption force of the suction cup, we took the adsorption force of the
suction cup under the plane as the basis, divided the adsorption force of the suction cup
under different curvatures and the adsorption force under the plane, and obtained the
adsorption force percentage curve of the suction cup under different curvatures. According
to Figure 12b, it can be seen that the adsorption force of the suction cup will indeed be
affected by the curvature of the adsorption surface. When the curvature of the adsorption
surface is reduced from the plane to R = 150 mm, the adsorption force is reduced by about
10%, and this image is the same at all rotational speeds.
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4.2.3. Required Torque

Figure 13 illustrates the experimental results of suction cup torque measured across
various curved surfaces and rotational speeds. It is evident from Figure 11 that the torque
exerted by the suction cup increases proportionally with the rotational speed. Additionally,
diminishing the curvature of the adsorption surface leads to an elevation in the torque
requirement for the suction cup. This phenomenon occurs due to the enlargement of the
maximum adsorption gap as the curvature radius decreases. Consequently, this intensifies
the leakage of high-speed fluid from the suction cup, thereby increasing the fluid speed
and energy exchange both within and outside the suction cup. This heightened exchange
exacerbates the torque demand of the suction cup.
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4.2.4. Power Consumption

In some power-sensitive underwater robots, especially those equipped with batteries,
strict limitations are imposed on the overall power consumption in order to achieve longer
operating times. Therefore, it is imperative to conduct a comprehensive analysis of the
power consumption associated with the vortex suction cup subsequent to evaluating its
adhesive force and requisite torque.

Different motors exhibit varying levels of efficiency, and the efficiency of a single
motor can also fluctuate at different speeds and torques. Consequently, this study uses the
motor’s output power as an indicator of the suction cup’s power to minimize the impact of
motor efficiency. Based on the relationship between motor rotation and torque, its output
power can be calculated as follows:

P =
n
60

· 2π · T (4)

In the equation, P represents the power in watts (W), n denotes the impeller speed mea-
sured in revolutions per minute (r/min), and T signifies the suction cup torque expressed
in Newton meters (Nm).

The torque data obtained at different speeds were substituted into Equation (4), and
the power consumption diagram of the suction cup under various curved surfaces was
obtained, resulting in Figure 14. As indicated by Equation (4), the power’s variation trend
at constant speed aligns with that of torque. Thus, Figure 14a illustrates a notable increase
in suction cup power with rising speed. Simultaneously, as the curvature of the adsorption
surface diminishes, the suction cup’s power gradually escalates. To precisely quantify
the impact of curvature alteration on suction cup power, we utilized the power when the
adsorption surface was flat as a reference point. Comparisons of the percentage increase
in power at different curvature radii, while maintaining the same rotational speed, are
illustrated in Figure 14b. Transitioning from a flat adsorption surface to a curvature radius
of R = 150 mm results in a power surge of approximately 20% to 30%.
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4.2.5. Adsorption Efficiency

In order to comprehensively evaluate the influence of adsorption surface curvature
radii on the suction cup, we define the ratio of adhesive force F to power P as the adsorption
efficiency η of the suction cup [28]:

η =
F
P

(5)

Equations (4) and (5) can be combined to obtain:

η = 30 · F
n · π · T

(6)

The physical significance of the adsorption efficiency η can be understood as the
adhesive force obtained by the vortex suction cup for every watt of power consumed. The
adsorption efficiency of the suction cup was determined by substituting the results of the
adsorption force and torque into Equation (6), illustrated in Figure 15a. As depicted in the
figure, the efficiency η of the suction cup decreases with increasing suction speed (note the
altered direction of the speed axis for clarity). Simultaneously, a decrease in the curvature
of the adsorption surface at constant speed also diminishes the suction cup’s adsorption
efficiency. To precisely quantify the impact of changes in curvature on adsorption efficiency,
we established the efficiency of the suction cup with a flat adsorption surface as the baseline.
This allowed us to compare suction cup efficiency at various curvature radii under identical
rotational speeds, as depicted in Figure 15b. Notably, the influence of curvature radius on
suction cup efficiency remains consistent across speed segments. Transitioning from a flat
to a curvature radius of R = 150 mm reduces adsorption efficiency by approximately 25%
to 30%.
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5. Conclusions

This paper presents the design of a vortex suction cup for use in underwater robots.
By inducing high-speed rotating eddy currents within the chamber, negative pressure is
generated, resulting in adsorption force. In practical applications, underwater detection robots
encounter pipes of varying diameters, thus exposing the vortex suction cup to surfaces of
different curvatures. To comprehensively understand the impact of surface curvature on
adsorption performance, we conducted studies on the suction force and torque of the vortex
suction cup under various curvature radii using CFD simulations and experimental tests. Both
experiments and simulations indicate that decreasing the curvature radius of the adsorption
surface results in reduced adsorption force and increased torque. As the surface transitions
from flat to a curvature radius of R = 150 mm, the adsorption force of our proposed vortex
suction cup decreases by approximately 10%, while the torque increases by 20% to 30%. To
provide a comprehensive evaluation of curvature changes on suction cup performance, we
developed an efficiency formula, unifying adsorption force and torque into a single parameter.
Results show that decreasing the curvature radius leads to a decrease in suction efficiency, with
a reduction of approximately 25% to 30% observed as the surface transitions to R = 150 mm
curvature. These experimental findings offer insights for designing vortex suction cups for
underwater vehicles and support their operational effectiveness. Future efforts will focus
on optimizing the vortex suction cup’s structural design in order to enhance adsorption
performance under small curvature radii. Given the integration of the vortex suction cup
into underwater vehicles, particular attention will be given to the impact of robot motion on
suction cup performance. Additionally, we will consider the influence of complex flow fields
between multiple vortex suction cups on robot adsorption performance.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jmse12040662/s1, Figure S1: Photos of simulated bodies with
different adsorption surfaces.
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