
Citation: Xu, J.; Wang, L.; Zhang, D.;

Shi, X.; Chen, T.; Cong, Q.; Liu, C.

Bionic Ring Grooves Design and

Experiment of the Suction Cup

Applied in Oil-Immersed Substrate.

Lubricants 2023, 11, 152. https://

doi.org/10.3390/lubricants11040152

Received: 16 February 2023

Revised: 7 March 2023

Accepted: 21 March 2023

Published: 23 March 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

lubricants

Article

Bionic Ring Grooves Design and Experiment of the Suction
Cup Applied in Oil-Immersed Substrate
Jin Xu 1, Lin Wang 2, Dexue Zhang 1,3, Xiaojie Shi 1, Tingkun Chen 1,* , Qian Cong 1,4,* and Chaozong Liu 5

1 Key Laboratory of Bionic Engineering (Ministry of Education), College of Biological and Agricultural
Engineering, Jilin University, Changchun 130022, China

2 State Key Laboratory of Power Systems of Tractor, YTO Group Corporation, Luoyang 471039, China
3 Shandong Academy of Agricultural Machinery Sciences, Jinan 250100, China
4 State Key Laboratory of Automotive Simulation and Control, Jilin University, Changchun 130022, China
5 Department of Ortho and MSK Science, University College London, London HA7 4LP, UK
* Correspondence: chentk@jlu.edu.cn (T.C.); congqian@jlu.edu.cn (Q.C.)

Abstract: The vacuum suction cup is often used as an end effector and widely used in wall-climbing
operations. However, there are few vacuum suction cup designs and applications for oil-immersed
substrates. Inspired by the surface morphology of the octopus sucker, bionic suction cups with differ-
ent numbers, diameters, and spacings of the ring grooves were designed. Their normal adsorption
force was evaluated on the untreated and polished steel plate in oil. The test results showed that
ring grooves positively affected the adsorption force. The bionic suction cup with a groove number
of 3, a diameter of 0.5 mm, and a spacing of 3 mm was the most excellent in the test. It achieved
normal adsorption forces of 54.83 ± 0.48 N and 43.89 ± 0.69 N on the untreated and polished steel
plate. Compared with the standard suction cup, it increased by 32.31% and 12.28% on the untreated
and polished steel plate. The regression model between the normal adsorption force and design
factors was established based on the adsorption force test results, and the influence law of the ring
groove structure parameters on the adsorption force of suction cups on oil-immersed substrates
was analyzed. The order of significant effects of groove design parameters on normal adsorption
forces was groove diameters, spacings, and numbers. The finite element analysis (FEA) results show
that the ring grooves could significantly increase the contact pressure, frictional stress, and sliding
distance between the suction cup and the substrate. The ring groove structure effectively improves
the adsorption force of the suction cup on the oil-immersed surface by forming a more effective
seal and increasing the friction force and adsorption area. This study could provide a reference for
developing the actuator of the oil-immersed or lubricated climbing machine.

Keywords: bionic; ring groove; suction cup; oil-immersed substrate; adsorption force

1. Introduction

Vacuum suction cups have many advantages, such as environmental protection, high
efficiency, and low cost, and are widely used in life and industry. Suction cups are used
in “simple” applications, such as hanging items on smooth surfaces of cars or houses [1].
In industry, suction cups are used in technologically complex applications, such as wall
climbing [2–5], material handling [6,7], and fruit and vegetable harvesting [8,9], which
involve dangerous or labor-intensive work. However, few of the current suction cups have
been designed or studied for applications in oil media, which greatly limits the use of
wall-climbing robots on high-risk, highly lubricated surfaces, such as oilcan. Therefore,
it is necessary to study the adsorption characteristics of suction cups in oil and design
high-performance suction cups suitable for applications in the lubricating medium.

Surface morphology is often used in engineering to reduce wear and lubricate the oil
and gas development equipment [10]. However, it was found that many organisms also
have specific morphologies on their sucker surfaces that enhance their ability to adhere to
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the substrate [11–15]. A reasonable imitation of the natural suction cup surface morphology
on the artificial suction cups can effectively enhance the adsorption performance of artificial
suction cups [16–19].

As a typical adsorbing organism, the octopus has a unique double-chambered mor-
phology of its sucker [20]. The upper cavity is an ellipsoidal acetabular cavity. The lower
cavity is funnel-shaped, the part where the sucker is attached to the substrate. Moreover,
radial and ring grooves morphology exists on the surface of this cavity [21,22]. Pang et al.
designed a wet-tolerant adhesive patch with a microstructure based on the double-cavity
shape of the octopus sucker [23,24]. Experiments showed that the bionic patch had excellent
adsorption performance on the oil-immersed substrates and showed good adhesion and
water resistance on the skin surface. Tramacere et al. [25,26] designed a bionic suction
cup based on the double-cavity structure of the octopus sucker. They processed the radial
grooves on the surface of the funnel by laser engraving technology. It was found that the
grooves improved the adsorption performance of the suction cup. Inspired by the surface
morphology of octopus suckers, Xi et al. [27] designed radial grooves, herringbone grooves,
and ring grooves on the contact surface of conventional suction cups, respectively. The
experiments showed that the ring groove structure was more effective in improving the
adsorption force of the suction cups than the other two groove structures. In summary,
although the bionic patch of Pang et al. [23] obtained a strong adsorption effect on the
dipping oil substrates, its adsorption patch structure is thin and difficult to process, which
is unsuitable for industrial surfaces, such as the wall of oil storage tanks. The bionic suction
cups developed by Tramacere and Xi et al. [26,27] are relatively simple and suitable for use
in industry and on tank walls. Nevertheless, they have not investigated the performance of
the suction cups on oil-immersed substrates. The law of the effect of the bionic morphology
on the performance of suction cup adsorption on the dipping oil surface is still unclear.

Inspired by the surface morphology of octopus suckers [20,21,27], a series of bionic
suction cups were constructed by designing the ring groove structure on the adsorption
surface of the conventional suction cup in this study. The groove number, diameter, and
spacing were selected as the factors for the experimental design. Standard and bionic
suction cup samples were prepared by the mold method. The influence law and regression
equation of the ring groove structure parameters on the adsorption force on oil-immersed
substrates were obtained by testing the normal adsorption force of suction cups. Combined
with the finite element analysis (FEA) method, the mechanism of the ring groove structure
to improve the adsorption force of the bionic suction cups on the oil-immersed surface was
discussed. The present study could provide a reference for developing mechanical end-
absorbing actuators for oil-immersed or lubricated substrates for wall-climbing operations.

2. Materials and Methods
2.1. Design of Ring Groove Structure

The ring groove structure on the suction cup was simulated through studies on octopus
suckers [27]. The ring groove structure was designed on the contact surface of the prototype
suction cup with a diameter of 55 mm. Compared to rectangular or triangular groove
cross-sections, the semicircular structure is stable and less prone to crushing or tearing
during operation [28]. Therefore, the semicircular groove cross-sectional morphology was
taken as the bionic morphology for the bionic suction cup design. Since the diameter,
number, and distribution of grooves may significantly affect the adsorption performance of
suction cups on the oil-immersed substrate, the groove diameter, number, and spacing were
selected as the test factors. According to the limitation of the prototype suction cup size,
the research took the number of grooves n as 1~3, the groove diameter d as 0.5~1.5 mm,
and the groove spacing l as 2~4 mm to implement the test, and the parameters of the bionic
suction cup groove morphology are shown in Figure 1.
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Figure 1. Bionic suction cups design diagram.

The adsorption force test samples were prepared using the Box-Behnken theory [29,30].
A three-factor, three-level orthogonal test was conducted [31]. The numbers of the testing
suction cup samples and factor levels are shown in Table 1.

Table 1. Numbers of the testing suction cup samples and factor levels.

Test
Number n d/mm l/mm Test

Number n d/mm l/mm

0 0 0 0 9 2 0.5 2.0
1 1 0.5 3.0 10 2 1.5 2.0
2 3 0.5 3.0 11 2 0.5 4.0
3 1 1.5 3.0 12 2 1.5 4.0
4 3 1.5 3.0 13 2 1.0 3.0
5 1 1.0 2.0 14 2 1.0 3.0
6 3 1.0 2.0 15 2 1.0 3.0
7 1 1.0 4.0 16 2 1.0 3.0
8 3 1.0 4.0 17 2 1.0 3.0

2.2. Fabrication of Suction Cup Samples

The standard and bionic suction cup test samples were fabricated by the cast die
method, and the steps are shown in Figure 2. Conventional suction cup data were collected
and processed by the UniSCAN 3D scanner (Creaform, Lévis, QC, Canada) and Geomagic
Studio software to reconstruct the model of the prototype suction cup. The standard and
bionic suction cup mold models (Figure 2a) were designed based on this model. To rapidly
additive manufacture the suction cup molds, 3D printing technology was used. The ABS
resin and a Lite600HD 3D precision printer (UnionTech, Shanghai, China) were used, and
the physical dies are shown in Figure 2b. Mold silicone (Taibeili, Foshan, China) was
used to cast the suction cup samples. The molded silicone consisted of two components.
The silicone component consisted of a base adhesive (Poly (dimethylsiloxane), hydroxy
terminated, (C2H6OSi)n), a cross-linking agent (Tetraethyl orthosilicate, C8H20O4Si), and
a filler (Talcum powder, Mg3[Si4O10](OH)2). The curing agent component consisted of
Dibutyltin dilaurate (C32H64O4Sn). The casting and demolding procession was divided
into four steps: (1) A release agent would be evenly applied on the die surface. (2) Silicone
and curing agent were mixed in a ratio of 100:2 and thoroughly stirred. (3) The mixture was
poured into the molds and allowed to stand at ambient temperature (20 ◦C) for 4 h. (4) After
the silicone was cured, the mold was removed and the suction cup samples obtained, as
shown in Figure 2c.
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Figure 2. The preparation process of the suction cup samples. (a) The suction cup sample mold
models; (b) The suction cup sample physical dies; (c) The appearance of suction cup samples.

2.3. Force Measurements of Suction Cup Samples

As shown in Figure 3a, the normal adsorption force of the suction cup samples on
the oil-immersed substrates was tested using an electronic tensile testing machine. The
maximum tensile force of the tester was 500 N, and the precision of the force sensor was
0.01 N. The adsorption force of the suction cup samples was tested on the substrates of an
untreated steel plate (Ra = 78 µm) and a polished steel plate (Ra = 2 µm), and the surface
morphology of the two substrates is shown in Figure 3b,c, respectively. The substrates were
fixed at the bottom of the tank shown in Figure 3a. The tank was filled to 50 mm height
with LN-100 industrial white oil.
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Figure 3. Schematic depiction of adsorption force measurements. (a) Adsorption force testing device;
(b) Substrate 1: untreated steel plate (Ra = 78 µm); (c) Substrate 2: polished steel plate (Ra = 2 µm).

The suction cup was fixed to the end of the testing machine tension sensor by a special
fixture and normally pulled from the test substrate. Before the test, a preload force of 5 N
was applied to the top of the suction cup, which was sufficient to collapse the chamber and
release the oil inside the suction cup chamber. The load was held for <15 s before the start
of the pull test. Pull tests were performed with a 200 mm/min speed of retraction. The
maximum value of the force at which the suction cups were pulled out from the substrate
was extracted and recorded as the suction cup adsorption force. The normal adsorption
force of each sample suction cup on each substrate surface was repeated 10 times. The
average adsorption force for the standard suction cup was Y0. Y1 and Y2 were calculated
for the average adsorption force of bionic suction cups on the untreated and polished steel
plates, respectively.

2.4. FEA of Suction Cups

FEA was conducted for the standard and bionic suction cups to understand the effect
of incorporating the ring groove structure on the suction cup. In the bionic suction cup
samples, the worst and best-performing suction cups in the adsorption force test were
selected to be analyzed. FEA was conducted and analyzed using ANSYS Workbench 2022
R1. The suction cup with a smooth substrate model was imported into the software. The
suction cup material was fitted using sample data of neoprene from the Ansys Workbench
engineering data. The substrate material was structural steel by default.

Since all the suction cup samples were axisymmetric, the full model was adjusted to a
one quarter symmetric model using the Geometry tool to reduce the computational time.
A tetrahedral mesh was used to divide the analysis model. Set the element size to 1.0 mm
and refine the mesh for the adsorption surface of the suction cups. The FEA models of
the standard suction cups, the worst and best-performing bionic suction cups, had 79,285,
91,979 and 109,895 elements, respectively. Element shapes with an aspect ratio close to 1
are highly desirable in FEA for better accuracy and convergence. In the FEA model, for all
cases, more than 63% of the total elements had an aspect ratio between approximately 1
and 2. The average aspect ratio of the elements was 1.94 ± 0.06.

A constant 6 mm displacement in the axial direction was imparted on the back of the
suction chamber. As shown in Figure 1, because the height of the suction cup cavity was
6 mm, the displacement of 6 mm could completely collapse the inner cavity of the suction
cup, which ensures the consistency of the deformation of the finite element simulation and
the suction cup adsorption process. A friction contact between the inner cavity surface
(adsorption surface) of the suction cup and the substrate was set. The friction coefficient
between surfaces was assumed to be 0.2. In the initial state, only the inner cavity edge of
the suction cup was in contact with the substrate. As the displacement was applied, the
suction cup was gradually crushed, and the inner cavity surface of the suction cup and
the substrate were gradually fitted to each other. The contact pressure, frictional stress,
sliding distance, total deformation, and total strain energy of the collapsed suction cup
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were focused. The contact pressure, frictional stress, deformation of the suction cup contact
surface, and the total strain energy of the suction cup were also compared for each case.

3. Results
3.1. Test Results of the Adsorption Force

The results of the normal adsorption force tests of the standard and bionic suction cups
on the substrate are shown in Figure 4. The No. 2 bionic suction cup exhibited the highest
normal adsorption force among all the participating suction cup samples. The normal
adsorption force on the untreated and polished steel plate reached 54.83 N and 43.89 N,
respectively, which increased the adsorption force by 32.31% and 12.28% compared to the
standard suction cup under the same test conditions. Compared with other bionic suction
cups, the normal adsorption force value of the No. 4 sample was low. Its normal adsorption
force on untreated and polished steel plates was 47.85 N and 39.46 N, respectively. However,
the No. 2 and 4 suction cups only differed in groove diameter. In addition, the normal
adsorption force of the bionic suction cups was always greater than the standard one on
the test substrates. The normal adsorption force of the same suction cup on the untreated
steel plate was always greater than the polished. At the same time, the trend of adsorption
force on different substrate surfaces was approximately the same. In other words, a suction
cup with a greater normal adsorption force on the untreated steel plate also exhibited a
greater adsorption force on the polished steel plate. However, the difference in adsorption
force indicated by bionic suction cups on both substrates was typically greater than that of
the standard suction cup, with an increase in adsorption force of ≥20% for both.
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Figure 4. Adsorption force and its increase rate.

The normal adsorption force test results on the suction cup samples showed that the
ring grooves significantly affected the adsorption force. Regression analysis of the test
results was performed using Design-Expert software. A multiple regression model of
the normal adsorption force of the bionic suction cup with the number of ring grooves n,
groove diameter d, and groove spacing l in natural space was established. The regression
models for the adsorption force of the bionic suction cup of the untreated and polished
steel plate are shown in Equations (1) and (2), respectively.

Y1 = 33.40 + 8.03 n + 9.43 d + 6.68 l − 3.34 nd + 0.36 nl − 1.44 dl − 1.50 n2 − 1.27 d2 − 1.08 l2 (1)

Y2 = 36.68 + 3.85 n + 4.77 d + 0.84 l − 2.35 nd + 0.51 nl − 1.04 dl − 0.72 n2 + 0.49 d2 − 0.26 l2 (2)

Here, Y1 is the bionic suction cup adsorption force of the untreated steel plate; Y2 is
the bionic suction cup adsorption force of the polished steel plate. The ANOVA results of
the two regression models are shown in Table 2. In the table, X1, X2, and X3 correspond to
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the coding factors for the groove number, n, the groove diameter, d, and the groove spacing,
l, respectively.

Table 2. Variance analysis of the quadratic model of bionic suction cup adsorption force.

Source

Adsorption Force on the
Untreated Steel Plate

Adsorption Force on the
Polished Steel Plate

Sum of
Squares df F Value p Value Sum of

Squares df F Value p Value

Model 65.98 9 30.43 <0.01 23.44 9 38.85 <0.01
X1-n 0.41 1 1.70 >0.05 0.20 1 3.01 >0.05
X2-d 33.42 1 138.73 <0.01 8.57 1 127.82 <0.01
X3-l 2.31 1 9.60 <0.05 4.49 1 66.90 <0.01

X1X2 11.16 1 46.31 <0.01 5.52 1 82.37 <0.01
X1X3 0.53 1 2.18 >0.05 1.03 1 15.37 <0.01
X2X3 2.06 1 8.55 <0.05 1.08 1 16.13 <0.01
X1

2 9.49 1 39.41 <0.01 2.15 1 32.13 <0.01
X2

2 0.42 1 1.75 >0.05 0.06 1 0.94 >0.05
X3

2 4.95 1 20.54 <0.01 0.29 1 4.25 >0.05

Residual 1.69 7 0.47 7
Lake of fit 1.27 3 4.08 >0.05 0.08 3 0.28 >0.05
Pure error 0.42 4 0.39 4

Total 67.66 16 23.91 16

Table 2 shows that the p values of both regression models were less than 0.01, indicating
that the regression models were extremely significant. The p > 0.05 for the two model
misfit terms indicated that the model misfit was insignificant, and the regression model fit
was high. The p values of the number of grooves, groove diameter, and groove spacing
could be judged that groove diameter and spacing significantly affected the suction cup
adsorption force. The influence of the test factors on the suction cup adsorption force
was in descending order of groove diameter, spacing, and number. Although the primary
term factor p > 0.05 for the number of grooves indicated that the number of grooves was a
non-significant factor, the p values for the quadratic factor and the interaction factor were
less than 0.01, indicating that the number of grooves interacted with other factors in an
extremely significant way. The coefficient of determination R2 of regression models (1) and
(2) were 0.9751 and 0.9804. The coefficient of variation and adequate precision were 0.95%,
0.62%, 19.73, and 22.26, respectively. This indicates that the two fitted regression models of
suction cup adsorption force have high reliability and can be used to guide the analysis of
the effect of bionic design factors on the suction cup adsorption force.

3.2. Influencing Laws of n, d, and l on Adsorption Force

The experimental and ANOVA results showed that the diameter, spacing, and number
of ring grooves affect the normal adsorption force of the suction cups to different degrees.
To discuss the effects of d, l, and n on the normal adsorption force of suction cups, response
surface models were constructed by fixing n, d, and l to zero levels, respectively. The
effect of the other two factors on the normal adsorption force of the bionic suction cup was
analyzed.

3.2.1. Influencing laws of n, d, and l on Y1

When l is fixed, the influences of n and d on Y1 are shown in Figure 5a. Y1 increased
and then decreased with the increase of n. Y1 decreased with the increase of d. The bionic
suction cups always had greater adsorption force when d = 0.5 mm. Moreover, the trend of
Y1 decreasing with d was almost linear when n is fixed at 1, 2, and 3, respectively. Moreover,
the tendency of Y1 to decrease with increasing n was more significant.
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Influences of n and l on Y1 when d is fixed are shown in Figure 5b. Y1 increased and
then decreased with both increases of n and l, showing a parabolic variation. However, this
trend was gentle because the ANOVA results show that the interaction of n and l on Y1 was
insignificant.

Influences of d and l on Y1 when n is fixed are shown in Figure 5c. Y1 increased and
then decreased with an increase of l, but the fluctuation range of adsorption force change
was small. Y1 decreased with the increase of d. Moreover, the trend was also close to a
linear decrease when fixing l to a fixed value.

3.2.2. Influencing laws of n, d, and l on Y2

When l is fixed, the influences of d and n on Y2 are shown in Figure 6a. Y2 decreased
with increasing d. However, compared to the linear decrease of Y2 with d, the trend of Y2
decreasing with d is no longer linear. The rate of reduction of Y2 decreased with increasing
d. The variation of Y2 with increasing n was complex and interesting. The ANOVA results
demonstrate that the interaction between n and d was extremely significant for Y2. When d
takes small values, Y2 increases with increasing n. However, when d takes larger values, Y2
decreases with increasing n.
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Influences of n and l on Y2 when d is fixed are shown in Figure 6b. Y2 increased and
then decreased as n increased, and Y2 decreased as l increased.

Influences of d and l on Y2 when n is fixed are shown in Figure 6c. Y2 decreased with
the increase of l and d. Furthermore, the rate of Y2 decrease gradually increased with the
increase of the factor level.

3.3. Test Results of FEA

FEA was performed on the standard and bionic suction cups with the best and worst
performance in normal adsorption force. From the normal adsorption force test results, the



Lubricants 2023, 11, 152 9 of 14

best and worst performing bionic suction cups were No. 2 and No. 4, respectively. The
FEA results of the standard, No. 2, and No. 4 suction cups are shown in Figure 7.
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Figure 7. FEA results of the suction cups. (a) The contact pressure results of the suction cup adsorption
surface; (b) The friction stress results of the suction cup adsorption surface; (c) The sliding distance
results of the suction cup adsorption surface; (d) The total deformation results of the suction cup
adsorption surface; (e) The total strain energy results of the suction cups.

The lateral comparison of Figure 7 shows that the contact pressure, friction stress,
sliding distance, and total deformation on the standard suction cup adsorption surface
were distributed in a continuous ring shape. The enormous pressure and friction regions
were distributed in the middle of the generatrix of the suction cup’s inner cavity, and the
maximum sliding distance appeared at the edge of the adsorption surface. A longitudinal
comparison of Figure 7 shows that the main distribution areas of contact pressure, frictional
stress, sliding distance, and total deformation on the adsorption surface of the bionic
suction cup were similar to those of the standard suction cup. However, the enormous
pressure and friction regions on the adsorption surface of the bionic suction cup were
divided by the ring groove structure, forming multiple discontinuous large pressure and
large friction rings. In addition, compared with the standard suction cup, the maximum
values of contact pressure, friction stress, and sliding distance on the adsorption surface
of the bionic suction cup were increased to different degrees. The FEA results showed
that the worst-performing bionic suction cup in the normal adsorption force test, No. 4,
had larger surface contact pressure, frictional stress, and sliding distance. The total strain
energy analysis results of the suction cups (Figure 7e) were opposed to the surface stress
and sliding distance performance. The standard suction cup had the largest total elastic
energy, and the No. 4 suction cup had the smallest total strain energy. In contrast, the
best-performing suction cup in the normal adsorption force test, No. 2, had moderate total
strain energy for both the maximum values of surface contact pressure, frictional stress,
and sliding distance, as well as the total strain energy of the suction cup.

4. Discussion

The test results showed that the adsorption force of the bionic suction cups with ring
grooves was always greater than that of the standard suction cup. The FEA results of the
suction cup on the smooth plane indicated that the ring groove divides the high-pressure
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area and the large friction area on their contact surface. It made a multi-ring seal between
the bionic suction cup and the substrate, which could effectively reduce leakage during
adsorption. Besides, the simulation results showed a larger contact pressure between the
bionic suction cup and the substrate. The contact pressure contributes to the bonding and
sealing of the contact surface, indicating that the bionic suction cups’ contact performance
was better than the standard one. The coupling effect of the multi-ring seal and a better-
sealing property contributed to the formation and maintenance of negative pressure during
the pull-off process of the suction cup. The bionic suction cup could form a stronger
negative pressure than the standard suction cup at the same pull-off displacement.

The FEA results showed that a larger friction stress was formed between the bionic
suction cup and the substrate. It is comforting that the suction cup had a larger frictional
force in oil was what we expected. The adsorption surface of the suction cup would
contract radially during the pull-off process, while the friction force could effectively inhibit
the sliding between the contact surfaces. The bionic suction cup could maintain a larger
adsorption area than the standard suction cup under the same pull-off displacement.

Compared with the standard suction cup, bionic suction cups could produce a larger
radial extension sliding during the adsorption process, resulting in a larger adsorption
area. According to the adsorption force formula F = PS (P: pressure, S: adsorption area),
the bionic suction cup had a stronger negative pressure or a larger adsorption area at the
same pull-off displacement, which would improve the bionic suction cup adsorption force.

The total strain energy analysis results revealed that the strain energy of the standard,
No. 2, and No. 4 suction cups decreased sequentially. The work performed by the initial
compression was either stored in the body as strain energy or performed on the fluid within
the suction chamber to evacuate the suction chamber and form a vacuum [19]. Therefore, a
suction cup with lower strain energy would work more on the fluid and be more closely
attached to the substrate when the same constraints were applied to the suction cup. This
promoted the suction cup to form a more effective seal with the substrate surface while
discharging more fluid, thereby increasing the adsorption force of the suction cup. It was
also the reason for the larger contact pressure between the bionic suction cup and the
substrate.

Compared with the polished steel plate, the suction cup showed a stronger adsorption
force on the untreated steel plate, whether standard or bionic suction cup. According to the
observation of the substrate surface in Figure 2, the untreated steel plate was a non-smooth
surface with many micron-sized granular protrusions. Therefore, when the suction cups
were adsorbed onto the untreated steel plate by negative pressure, the granular protrusions
on the substrate surface would be embedded in the relatively soft suction cups. As shown
in Figure 8, the contact surface would form many stress concentration areas at the top of
the granular protrusions, which could improve the local friction between the suction cup
and the substrate. These frictions inhibited the radial sliding during the pull-off process to
a certain extent, which promoted the standard suction cup to induce a stronger adsorption
force on the untreated steel plate.

It was assumed that the height of the granular protrusion embedded in the suction
cup was h, as shown in Figure 8. According to the FEA results, the bionic suction cups
always created a larger contact pressure on the contact surface. Therefore, the height h1
of the granular protrusion embedded in the standard suction cup was much lower than
the height h2 of the bionic suction cups. The bionic suction cups could form a larger local
normal pressure in the granular protrusions. According to the friction formula f = µFn (µ:
dynamic friction factor; Fn: normal pressure), the bionic suction cups could create larger
friction than the standard one.

Furthermore, the ring groove structure of the bionic suction cup could form a mechan-
ical interlocking [32] similar to biological attachment with the granular protrusions on the
substrate. This would effectively inhibit the radial contraction of the suction cup during the
pull-off process and maintain the adsorption state. Mechanical interlocking is significant
for the stability of suction cup adsorption in lubricated media.
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The ring groove design parameters had an important influence on the suction cup
adsorption force. The influence of the test factors on the suction cup adsorption force was
in descending order of groove diameter, spacing, and number.

FEA results showed that a larger groove diameter d would increase the contact pressure
and frictional stress between the suction cup and the substrate more efficiently, thus
effectively improving the sealing and friction performance of the suction cup. However,
the test results showed that the adsorption force always decreased with the increase of d on
both polished and untreated steel plates. As d increased, the wall thickness at the groove
position gradually decreased, which caused a decrease in the structural strength of the
suction cup. The reduction of the structural strength of the suction cup would weaken its
anti-deformation ability, resulting in a greater tendency for radial shrinkage during the
pull-off process, thereby reducing the adsorption force.

According to the ANOVA results, the groove spacing l had a significant affection for
the adsorption force. The adsorption force always decreased with the increase of l in this
study. The l determined the grooves distribution position on the generatrix of the suction
cup’s inner cavity. Along the direction of the generatrix, the wall thickness of the suction
cup gradually decreased and thickened at the edge. Therefore, the groove with the same d
and different l had different effects on the structural strength of the suction cup structure.
With the increase of l, the distribution of grooves was gradually close to the thin-walled
area, which greatly weakened the local structural strength of the suction cup and thus
reduced its adsorption force.

The ANOVA results showed that the number of grooves n was a non-significant factor.
However, the interaction between the n and d was extremely significant. As a quantitative
design factor, n would significantly enhance the influence of d. When d was maintained at a
high level, the adsorption force decreased significantly with increasing n. However, when
d was maintained at a low level, the suction adsorption force increased with increasing n.
Since d was small, the grooves had less influence on the structural strength of the suction
cup. At this point, as n increased, the reduction in the total strength of the suction cup
was small, but multi-ring seals were formed. The multi-ring seals effectively improved
the suction cup’s sealing and frictional properties, which improved the suction cup’s
adsorption force.

5. Conclusions

In this study, inspired by the surface morphology of the octopus sucker, the bionic
suction cups with ring grooves were designed on the conventional suction cup based on
the number, diameter, and spacing factors of ring grooves. The normal adsorption force of
bionic sucker samples in the oil medium was tested. Lastly, the adsorption mechanism was
interpreted by proposing an adsorption model through FEA. Based on the results obtained
and discussed, the following conclusions are drawn:
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1. The maximum normal adsorption force of the bionic suction cup sample on the
untreated and polished steel plate substrates increased by 32.31 % and 12.28 %,
respectively, compared with the standard suction cup. The suction cups have stronger
adsorption force on the untreated steel plate.

2. The bionic ring grooves could improve the adsorption force of suction cups on oil-
immersed substrates. The significant order of the influence of the test factors of the
ring groove structure on the adsorption force of the sucker was groove diameter,
spacing, and number.

3. The bionic ring grooves improved the sealing performance of the bionic suction cup
by dividing and increasing the contact pressure between the suction cup and the
substrate to form multi-ring seals.

4. The bionic ring grooves increased the frictional stress between the suction cup and
the substrate.

5. The ring grooves increased the adsorption area of the bionic suction cup.
6. The ring grooves formed a mechanical interlocking with the granular protrusions on

the substrate, which would effectively inhibit the radial contraction of the suction cup
during the pull-off process and maintain the adsorption state.

The present study could develop mechanical end-absorbing actuators for oil-immersed
or lubricated substrates, such as wall-climbing operations.
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Nomenclature

n groove number
d groove diameter
l groove spacing
Y0 the average adsorption force for the standard suction cup
Y1 the average adsorption force of bionic suction cups on the untreated steel plate
Y2 the average adsorption force of bionic suction cups on the polished steel plate
X1 coding factors for the groove number
X2 coding factors for the groove diameter
X3 coding factors for the groove spacing
df degree of freedom
R2 the coefficient of determination
F adsorption force
P pressure
S adsorption area
h, h1, h2 the height of the granular protrusion embedded in the suction cup
f friction
µ dynamic friction factor
Fn, Fn

′, Fn” normal pressure
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