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Abstract: A universal suction cup that can stick to various objects expands the areas in which robots
can work. However, the size, shape, and surface roughness of objects to which conventional suction
cups can stick are limited. To overcome this challenge, we propose a new hybrid suction cup structure
that uses the adhesive force of sticky gel and the suction force of negative pressure. In addition, a
flexible and thin pneumatic balloon actuator with a check valve function is installed in the interior,
enabling the controllable detachment from objects. The prototype has an outer diameter of 55 mm, a
weight of 18.8 g, and generates an adsorption force of 80 N in the vertical direction and 60 N in the
shear direction on porous walls where conventional suction cups struggle to adsorb. We confirmed
that parts smaller than the suction cup and fragile potato chips are adsorbed by the prototype. Finally,
the effectiveness of the proposed method is verified through experiments in which a drone with
the prototypes can be attached to and detached from concrete walls and ceilings while flying; the
possibility of adsorption to dusty and wet plates is discussed.

Keywords: suction cup; soft actuator; pneumatics; adsorption

1. Introduction

The leech uses two suction cups on the front and back of the trunk and can move
while repeatedly adsorbing and leaving the body surface of animals and various natural
environments. If it is possible to artificially create a lightweight, high-power, and universal
suction cup that can adsorb and detach from various objects in this way, the activity area
of robots could be expanded. For example, an unmanned aerial vehicle (UAV) equipped
with a perching mechanism can perform tapping sound inspections on bridges and tunnels.
Thus far, UAVs with various types of perching functions have been developed [1–7]. A
suction cup using negative pressure is considered an effective method, since its adsorption
force is adjustable, and a relatively high adsorption force can be generated without fear of
damaging the environment. After being attracted to a door, a drone can open it with wind
pressure [8]. To further advance drone functionality, suction cups that provide sufficient
supporting force in both the vertical and shear directions are required for various materials
such as doors and walls. These suction cups are helpful to let the drone to approach
the wall while generating negative pressure from them. In addition, if the end effector
can easily adsorb, the areas that the manipulator can handle will be expanded [9–16]. In
particular, the use of vacuum suction cups has been widely used in the industrial world
because they can lift flat plates and large objects by simply pressing them.

However, the vacuum suction cup using negative pressure can only handle limited
objects. That is, to maintain airtightness, the objects that can be handled by the suction cup
are limited to those with a surface with few irregularities and a shape that can cover the
entire suction cup. As the number of manufacturing lines handling custom-made products
increases, one manipulator will be required to have the function of gripping objects with
different shapes, sizes, surface roughness, and fragility. Considering the application to
production lines that handle different types of products, the following conditions are
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imposed: (1) adsorption/detachment to various objects with (2) no pressing force required
during adsorption and (3) an adsorption method that allows the manipulator to approach
from a wide range of angles regardless of the shape of the object.

In this research, we constructed a hybrid suction cup that combines the adhesive force
of adhesive gel and the suction force of negative pressure. The adhesive gel provided on the
outer circumference of the bottom surface of the suction cup helps to maintain airtightness
and to fix objects that are difficult to be adsorbed by negative pressure. In addition, the
negative pressure adjusts the suction force and brings the object closer to the suction
force. With the release balloon with a check valve sheet provided inside, the removal of
the suction cup can be controlled. With this configuration, all of the above-mentioned
problems (1–3) are solved.

In this paper, the configuration and operating principle of the hybrid suction cup are
first described. Next, the mathematical model of the adsorption force and the manufac-
turing method are described. Then, the validity of the presented mathematical model is
demonstrated through a basic experiment using a prototype suction cup. The results of
its application to the handling operation of various objects are provided along with the
evaluation of the adsorption performance on a surface covered with water or dust. Finally,
we report the results of trying to stop the drone on the wall/ceiling using a drone equipped
with the prototype suction cup, verifying the effectiveness of the proposed method.

2. Materials and Methods
2.1. Design Policy

In this research, we aim to realize a device that enables UAVs such as drones in flight
to stop and detach on the ceiling or wall surface without special flight control, as well
as that enables a manipulator to pick up and release various objects. Therefore, we will
consider the device that meets the following conditions.

(1) Shape and structure: When adsorbed to the ceiling or wall, the shape is a disk so
that the symmetry of the adsorption direction can be achieved. It has a compact (60 mm or
less in diameter) and lightweight (50 g or less including the drive source) structure that can
be mounted on a UAV with strict payload restrictions.

(2) Function: At the time of adsorption, we aim to easily stop the UAV by approaching
it from a direction that is almost perpendicular to the wall surface or ceiling. In addition, at
the time of departure, it is easy to operate the flight by releasing while exerting a thrust
to balance with gravity without applying a special force depending on the direction. To
achieve these operations, two states are supposed to be considered: a temporary adsorptive
state that is positioned to prevent from slipping against the wall surface by light touching,
and a stable adsorptive state (adhesive force over 50 N) that supports the weight of UAV
by further applying energy. Two states are switched under control.

(3) Fixing target: We consider a method that can stably fix the material and unevenness
that are often used for walls and ceilings. Specifically, mortar wall, tile surface, breathable
plasterboard, etc. are targeted.

2.2. Problems in Previous Methods

Various adsorptive methods have been proposed as solutions in environments where
the conventional vacuum suction cup cannot be applied. Devices using van der Waals
forces are lightweight and easy to configure and have the potential to adsorb to various ma-
terials [17–25]. The direction in which it is easily peeled off is limited to a specific diagonal
direction with respect to the contact surface. Therefore, these devices are difficult to apply
to the operation of peeling off perpendicular to the contact surface. Electrostatic force can
generate a relatively strong adsorption force on the wall surface of various materials [26,27].
However, it only works on smooth planes. It is hard to work on rough surface like the tile
surface. The magnetic adsorption force [28] can generate an extremely high adsorption
force, but the adsorption target is limited to ferromagnetic material. Regarding the adsorp-
tion principle of octopus suction cups, a method of indirectly generating negative pressure
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by enlarging the porous membrane was proposed [29]. Since multiple dispersed holes
can independently generate negative pressure, this method facilitates the maintenance
of airtightness even on uneven surfaces, but the suction force is weaker than the direct
suction of negative pressure. Micro rubber suction cups adhering to rough surfaces to lift
lightweight objects were also reported [30]. Adhesive strength is a method that makes it
easy to fix to a relatively wide variety of materials regardless of the surface roughness [31].
However, relying solely on this method requires excessive force at the time of detachment.

2.3. Proposed Configuration and Operating Principle

To overcome each of the above problems and to meet the conditions in Section 2.1, we
propose a hybrid suction cup (HS cup) consisting of the following three parts: a hollow
truncated cone holder, a ring-shaped sticky gel that covers the outer circumference of the
bottom surface of the holder, and a release balloon stored inside the holder, as illustrated in
Figure 1. The release balloon consists of two thin round sheets and a tube. The top sheet is
connected to the tube. In addition, a hole is provided in the bottom sheet, and one check
valve sheet is attached to cover the hole. The check valve sheet is rectangular, and one set
of two opposite sides is welded to the round sheet on the bottom, but the other pair of
sides is not welded.
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HS Cup; (b) working principle of two different modes; (c) configuration of the release balloon; (d) operating principle of the
check valve sheet.

At the time of suction, the inside of the release balloon is suctioned with a negative
pressure while the gel ring is brought close to the object. The gel ring can adhere while
passively adapting to the surface shape of the object, filling the gap between the object and
the suction cup and improving the airtightness. When the inside of the release balloon
is suctioned, a gap is created between the check valve sheet and the round sheet on the
bottom, and the entire air inside the holder can be suctioned. Therefore, when the balloon
is sealed, the suction force further increases as the absolute value of the negative pressure
of the squirrel balloon increases. If airtightness cannot be ensured, it will be adsorbed to
the object only by the adhesion of the gel ring.

At the time of detachment, the inside of the release balloon is pressurized with positive
pressure. The check valve sheet is pressed against the round sheet on the bottom, the hole
is closed, and the release balloon is inflated. As a result, the force that pulls the suction cup
from the object acts.

2.4. Theoretical Modeling

The adsorption force of HS cup is examined. To distinguish between the force by
suction and the one by adhesion, the force due to negative pressure is the suction force
Fsucker, the force due to adhesive gel is the adhesive force Fgel and their resultant force is
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the adsorption force FN . Let r1 be half the inner diameter of the gel and r2 be half the outer
diameter, as shown in Figure 2a. Let pgel be the adhesive force per unit area of the gel to the
adsorption surface, which varies with the material of the object; and psucker be the pressure
inside HS cup in the gauge pressure display.
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Adhesive force is proportional to the contact area between the gel ring and the object.

Fgel = pgel ·
(

π r2
2 − π r2

1

)
(1)

The suction force can be expressed as the product of the area on which the negative
pressure acts and the pressure inside the suction cup.

Fsucker =
∣∣∣psucker

∣∣∣·π r2
1 (2)

The adsorption force, that is, the supporting force perpendicular to HS cup, can be
expressed as these resultant forces.

FN = Fgel + Fsucker = pgel ·
(

π r2
2 − π r2

1

)
+
∣∣∣psucker

∣∣∣·π r2
1 (3)

Next, the supporting force of the HS cup in the shear direction FS is examined. There
are two situations in which the HS cup cannot be supported in the shearing direction:
sliding down and pealing. Sliding occurs when the load in the shear direction exceeds the
maximum static friction force µ0FN , where µ0 is the maximum coefficient of static friction
between the gel ring and the object. Pealing occurs when the moment FSq due to the
load in the shear direction exceeds the moment FN l by the force in the vertical direction.
Here, q represents the distance between the action line of the load in the shear direction
and the fulcrum, and l represents the distance between the center line of HS cup and the
fulcrum. Therefore, the load that can support the shear direction is determined as these
minimum values.

FS = min{µ0FN ,
FN l

q
} (4)

The detaching force of the release balloon is considered as follows: Consider a cross-
section that passes through the center of the release balloon, as shown in Figure 2b. Here,
we make three assumptions. First, the cross-sectional circumference of the release balloon
is constant during pressurization. Second, the side surface that does not contact the object
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has the maximum volume, so it is deformed into a semicircular shape. Third, the restoring
force of the release balloon can be approximated as an ideal linear spring with a natural
length of 0.

Assuming that the diameter of the inside of the release balloon in initial condition is
d, the diameter x of the circle in contact with the object when inflated by the height h is
expressed by the following equation, where ∆d indicates the width of welding:

x =
2d− πh

2
. (5)

At this time, the release force W of the release balloon can be expressed by the following
equation, where the spring constant of its restoring force is expressed as k:

W =
πpsucker

4
(2d− πh)2 − kh. (6)

The outer diameter d of the release balloon needs to be designed to satisfy the following
two equations from the point of geometrical condition and the force balance:

d < 2r1, (7)

W > Fgel . (8)

2.5. Fabrication

The HS cup can be fabricated by making a gel ring and a release balloon separately
and attaching them to a holder.

For the gel ring, urethane gel was used, which was manufactured by the following
procedure: A mold with a ring-shaped groove was fabricated with a 3D printer (UP Box+,
Japan 3D Printer, Koto-ku, Japan) with a resolution of 0.1 mm, as shown in Figure 3a.
The thickness of the outer circumference of the mold should be about 1 mm. The gel
stock solution was a polyol blend as the main ingredient, with isocyanate and additives
as curing agents; they were mixed in a weight ratio of 3:1. In this study, Asuka-C, a
human skin gel stock solution manufactured by EXSEAL, Japan, was selected as the gel
stock solution. Next, a mold release material (barrier coat) was applied to the surface
of the mold. The above-prepared mixed solution was poured into the mold, placed in a
defoamer, the pressure was reduced, and the solution was cured for about 5. We cut the
outer circumference of the mold and removed the gel ring.
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The release balloon can be fabricated as follows, as shown in Figure 3b: First, fabricated
the upper sheet. A hole is made in the urethane sheet with a thickness of 0.2 mm, and a
urethane tube with an outer diameter of 4 mm and an inner diameter of 3 mm is passed
through the hole. Break the tip of the tube by about 5 mm and press it against the tip while
applying heat to keep it open. Sandwich the above sheet between two metal plates. Heat
the sheet and tube with a heat vise. Next, fabricate the lower sheet. Cut a 0.2 mm thick
urethane sheet into a circle with an outer diameter of 44 mm. Create a hole with a diameter
of about 1 mm in the center. A rectangular check valve sheet with a length of 10 mm and a
width of 20 mm is placed over this hole, and the two sides in the longitudinal direction are
welded to the lower sheet. Overlay the upper sheet and the lower sheet and weld a width
of about 2 mm.

As a holder, use a vacuum pad with a diameter of 50 mm. Attach the gel ring and
release balloon to the holder, and fill the gap with glue (KONISHI’s versatile SU Premium
Hard, Osaka, Japan) to improve airtightness, as shown in Figure 3c.

3. Results
3.1. Prototype

Figure 4 shows the prototype of developed HS cup according to the fabricating
procedure described in the previous section. The specifications of this suction cup are as
listed in Table 1. As a power source, only a handy sized pneumatic pump (1010VD DC, 15 g
in weight, Thomas Pump Co., Aurora, IL, USA) capable of supplying a positive pressure
of around 60 kPa is sufficient. As shown in the pneumatic circuit diagram in Figure 5, it
is possible to realize both suction and detachment without a vacuum pump by operating
with two solenoid switching valves (LHDA1233115H, Lee Co., Westbrook, CT, USA).
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Table 1. The Parameters of the developed HS cup.

Part Parameter Value
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3.2. Adsorption on Various Objects

We conducted experiments using the prototype on four types of flat plates with
different materials and surface roughness: an acrylic board, a mortar wall, a tile surface,
and a plasterboard, as shown in Figure 6. The mortar wall had random irregularities. The
tiled wall had grooves 8 mm wide and 2 mm deep in the vertical and horizontal directions.
The plasterboard had fine holes of 1 µm diameter. From the experimental results in Figure 7,
we confirmed that the gel ring adhered to every wall before the HS cup was suctioned.
We also confirmed that the supporting force in the vertical and shear directions increased
monotonically as the absolute value of the negative pressure increased, as illustrated in
Figure 7a,b. All of them tended to be approximately the same as the theoretical values.
However, the experimental value tended to be smaller than the theoretical value as the
absolute value of the negative pressure increased because the ring gel was pushed and
deformed, shrinking the inner diameter. Note that these experimental data show the
average value when measured three times. Overall, the difference was within 5% for all
three times.

Figure 7c compares suction force between the conventional vacuum suction cup
and the HS cup. Here, the conventional suction cup has the same shape and size as the
holder used for the HS cup. When negative pressure was applied to the acrylic board, the
suction force of the HS cup was smaller than that of the conventional suction cup because
the pressure-receiving area on which negative pressure acts is reduced by the ring gel.
However, for plasterboard, the HS cup exhibited better adsorption characteristics. This
means that an object that cannot be suctioned by a conventional suction cup due to leakage
can be prevented from leaking because the gel ring functions as a seal in the HS cup. We
also confirmed that the suction force can be increased if the suction flow rate is larger than
the leakage flow rate even if there are minute holes.

The experimental value of the detaching force by the release balloon showed charac-
teristics similar to the theoretical value, as shown in Figure 7d. However, as the height
of the balloon increased, the value tended to decrease away from the theoretical value
because the restoring force of the balloon was considered as a linear tension spring in the
theoretical value, but in reality, it showed non-linearity, in which the rate of increase in the
restoring force increased as the height increased.

Using the HS cup, the operations of adsorption, lifting, and detachment were per-
formed for four objects with different characteristics, as shown in Figure 8: (1) a basketball
with a radius of curvature of 120 mm and a mass of 650 g, (2) a PET bottle with grooves
6 mm wide and 3 mm deep and a mass of 2 kg, (3) a key with an outer shape smaller
than the contact surface of the suction cup and a thickness of 2 mm, and (4) a potato chip,
which was fragile and had powder on its surface. All objects cannot be adsorbed by the
conventional vacuum suction cup of the same size as the HS Cup. In (1) and (2), after
adhering to the object with the gel ring, it was suctioned with negative pressure and lifted.
Objects (3) and (4) could be lifted only by sticking to the gel ring. Furthermore, they were
detached smoothly by the release balloon (Supplementary Movie S1).



Actuators 2021, 10, 50 8 of 13

Actuators 2021, 10, x FOR PEER REVIEW 7 of 13 
 

 

 
Figure 5. Pneumatic circuit to generate two different modes with a positive pressure pump: (a) suctioned mode; (b) de-
tached mode. 

3.2. Adsorption on Various Objects 
We conducted experiments using the prototype on four types of flat plates with 

different materials and surface roughness: an acrylic board, a mortar wall, a tile surface, 
and a plasterboard, as shown in Figure 6. The mortar wall had random irregularities. 
The tiled wall had grooves 8 mm wide and 2 mm deep in the vertical and horizontal di-
rections. The plasterboard had fine holes of 1 μm diameter. From the experimental re-
sults in Figure 7, we confirmed that the gel ring adhered to every wall before the HS cup 
was suctioned. We also confirmed that the supporting force in the vertical and shear di-
rections increased monotonically as the absolute value of the negative pressure in-
creased, as illustrated in Figure 7a,b. All of them tended to be approximately the same as 
the theoretical values. However, the experimental value tended to be smaller than the 
theoretical value as the absolute value of the negative pressure increased because the 
ring gel was pushed and deformed, shrinking the inner diameter. Note that these ex-
perimental data show the average value when measured three times. Overall, the dif-
ference was within 5% for all three times. 

Figure 7c compares suction force between the conventional vacuum suction cup 
and the HS cup. Here, the conventional suction cup has the same shape and size as the 
holder used for the HS cup. When negative pressure was applied to the acrylic board, 
the suction force of the HS cup was smaller than that of the conventional suction cup 
because the pressure-receiving area on which negative pressure acts is reduced by the 
ring gel. However, for plasterboard, the HS cup exhibited better adsorption characteris-
tics. This means that an object that cannot be suctioned by a conventional suction cup 
due to leakage can be prevented from leaking because the gel ring functions as a seal in 
the HS cup. We also confirmed that the suction force can be increased if the suction flow 
rate is larger than the leakage flow rate even if there are minute holes. 

 
Figure 6. Four different planes used in the experiment: (a) acrylic board, (b) mortar wall, (c) tile surface, and (d) plaster-
board, to examine the suctioned mode. 

Figure 6. Four different planes used in the experiment: (a) acrylic board, (b) mortar wall, (c) tile surface, and (d) plasterboard,
to examine the suctioned mode.

Actuators 2021, 10, x FOR PEER REVIEW 8 of 13 
 

 

 
Figure 7. Comparison of experimental and theoretical values of the prototype: (a) perpendicular supporting force on 4 
types of plates; (b) shear supporting force on 4 types of plates; (c) comparison of supporting force between the conven-
tional suction cup and the HS cup; (d) detaching force of the release balloon. Regarding (c,d), the measurement of the 
experiment was performed three times, and the degree of dispersion is also shown in the graph. 

The experimental value of the detaching force by the release balloon showed char-
acteristics similar to the theoretical value, as shown in Figure 7d. However, as the height 
of the balloon increased, the value tended to decrease away from the theoretical value 
because the restoring force of the balloon was considered as a linear tension spring in 
the theoretical value, but in reality, it showed non-linearity, in which the rate of increase 
in the restoring force increased as the height increased. 

Using the HS cup, the operations of adsorption, lifting, and detachment were per-
formed for four objects with different characteristics, as shown in Figure 8: (1) a basket-
ball with a radius of curvature of 120 mm and a mass of 650 g, (2) a PET bottle with 
grooves 6 mm wide and 3 mm deep and a mass of 2 kg, (3) a key with an outer shape 
smaller than the contact surface of the suction cup and a thickness of 2 mm, and (4) a 
potato chip, which was fragile and had powder on its surface. All objects cannot be ad-
sorbed by the conventional vacuum suction cup of the same size as the HS Cup. In (1) 
and (2), after adhering to the object with the gel ring, it was suctioned with negative 
pressure and lifted. Objects (3) and (4) could be lifted only by sticking to the gel ring. 
Furthermore, they were detached smoothly by the release balloon (Supplementary 
Movie S1). 

Figure 7. Comparison of experimental and theoretical values of the prototype: (a) perpendicular supporting force on 4 types
of plates; (b) shear supporting force on 4 types of plates; (c) comparison of supporting force between the conventional
suction cup and the HS cup; (d) detaching force of the release balloon. Regarding (c,d), the measurement of the experiment
was performed three times, and the degree of dispersion is also shown in the graph.
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(b) a PET bottle containing 2 L of liquid; (c) a key; (d) a potato chip.

3.3. Application to a Drone

Using a drone equipped with two HS cups, as shown in Table 1, we attempted to perch
it from flight on the ceiling of gypsum board and the wall surface of mortar. AR.Drone
2.0 (Parrot, Paris, France) was used as the drone, and it was modified. One HS Cup for
ceiling suction was placed at the center of the four propellers, and another for wall suction
was placed at the center of the front surface. The size of the HS cup was the smallest that
could support the drone’s own weight with just the adhesive strength of the gel ring. The
pump and valve were the same as those described in Section 3.1. One pressure sensor
(MPXA4250AC6U, Freescale Semiconductor, Austin, TX, USA) was installed in each suction
cup to determine the suction state of the HS cups. At the time of suction, the gel ring
adhered to the wall surface and then the inside of the release balloon was suctioned by
a pump. When the pressure became negative, we judged the HS cup to be adsorbed to
the wall, stopping the rotation of the propeller. At the time of desorption, the inside of the
release balloon was pressurized while rotating the propeller to generate a drag force that
was balanced with its own weight.

To increase the supporting force in the shear direction, the distance l in Equation (4)
can be increased. Therefore, support legs were provided. The drone specifications are
shown in Table 2, and the overall system configuration is shown in Figure 9.

Table 2. The specifications of the drone.

Item Value

Weight 603 g
Flying time 10 min

Size 520 × 500 × 140 mm
Number of installed pumps 1
Number of installed valves 3

The experiments were performed in two different environments, as illustrated in
Figure 10: indoors with mortar walls and plasterboard ceilings (Supplementary Movie S2)
and under concrete bridges (Supplementary Movie S1). In each case, the user operated
while looking directly at the drone. A total of 5–7 s was required for the suction operation
and 9–12 s for the detaching operation. In each case, we confirmed that the propeller was
stopped at the time of adsorption and the drone could be supported by the HS cup. As a
preparation just before detaching, the drone generated thrust to support its own weight to
prevent from dropping if the suction force became zero. The reason that the aircraft shook
immediately after the detachment was that the ring-shaped adhesive gel was partially
adsorbed on the wall even after the detachment command. It is considered that this can be
solved by arranging the balloon so as to surround the adhesive gel.
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the water immediately. 
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Figure 10. Experiment perching a drone in flight on the ceiling or wall with HS cups: (a) takeoff and landing in an indoor
environment; (b) when detachment and adsorption are repeated on a concrete ceiling surface simulating a bridge.

4. Discussion

We confirmed that the gel ring used for the HS cup can adhere to objects that pose
challenges for the conventional vacuum suction cup and can assist the adsorption. When
the gel was adsorbed on an object with dust on the surface, the dust adhered to the surface
of the gel, and the adsorption force deteriorated as the number of adsorptions increased. In
an experiment in which a plastic plate covered with dust with a particle size of 4 µm to
1 mm was adsorbed with the HS cup, an adhesive force of about 2 N was generated up to
the first three times (Figure 11a), but adsorbing was not achieved on the fourth attempt.
However, when the dust adhering to the gel ring was wiped off with a sponge moistened
with water from this state and left for about 5 min, the water in the gel ring evaporated.
Then, when the same experiment as above was performed, the adhesive strength recovered
to 1.8 N.
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Figure 11. Experiment to confirm the possibility of adsorption of the HS Cup in harsh environments: (a) a plastic plate
covered with dust can be adsorbed a few times; (b) a plastic plate covered with dust can be adsorbed a few times.

From the above experiments, we found that, even with dust, the HS cup can adsorb if
it is equipped with a wiping function with a material with water and a function to dry the
water immediately.

When trying to adsorb HS Cup on a plastic board wet with water, the gel ring alone
could not adsorb it. However, when the inside was suctioned through the release balloon,
it was suctioned and the plate could be lifted, as shown in Figure 11b. At this time, the gel
ring functioned not as an adhesive but as a seal.

The adsorptive power of urethane gel ring deteriorates by about 40% one month after
being left in the air. If you cover it to keep it dust-free, it will only deteriorate by about
5% even after a month. If washed with alcohol and dried, the adsorptive power will be
restored to 98%.

5. Conclusions

To adsorb to various objects and environments, we constructed a new hybrid suction
cup taking advantage of the adhesive force of the sticky gel of the ring shape and the
suction force of negative pressure. Additionally, a release balloon with a check valve sheet
was installed inside to enable the controlled detachment of the cup using positive pressure
and to increase the adsorption force using negative pressure. Mathematical models of
the adsorption and detaching forced and a manufacturing method were described. The
effectiveness of the proposed method was verified through adsorption experiments on
various objects and experiments in which the drone was anchored to a wall or ceiling. In
the future, we will add a self-cleaning function to restore the adhesive strength after dust
adheres to the gel surface.

Supplementary Materials: The following are available online at https://www.mdpi.com/2076-082
5/10/3/50/s1, Video S1: actuators-1045691-supplementary.
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