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ABSTRACT
Vacuum suction units are widely used in various manufacturing lines, climbing robots, etc. Their most difficult problem is vacuum leakage,
which leads to suction failure. Vacuum leakage is traditionally prevented by blocking the flow path between the atmosphere and the vacuum
zone, which is difficult for a suction unit working on a rough surface. This paper proposes using the zero pressure difference (ZPD) method,
which is based on a completely different mechanism. The ZPD method eliminates the pressure difference at the boundary of the vacuum
zone, so vacuum leakage can be prevented regardless of the roughness of the working surface. A new vacuum suction unit based on the ZPD
method was designed, fabricated, and tested. The ZPD suction unit forms a rotating water layer on the periphery of the vacuum zone, and
the resulting inertial force generates a steep pressure gradient so that a high vacuum is maintained at the center of the vacuum zone while
the pressure at the boundary remains equal to the atmospheric pressure. Experiments showed that a 0.8-kg ZPD suction unit generated a
suction force of over 245 N on rough surfaces with a power consumption of less than 400 W. In contrast, a traditional suction unit of the
same size would need a vacuum pump consuming several kilowatts and weighing dozens of kilograms to generate a similar suction force
because of severe vacuum leakage. The ZPD suction unit was then successfully applied to a robotic arm, wall-climbing robot, and spider-man
wall-climbing device.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5129958., s

I. INTRODUCTION

The tremendous suction force caused by a vacuum was first
demonstrated by Otto von Guericke in 1654 via his famous Magde-
burg hemisphere experiment, in which teams of horses failed to
separate two hemispheres from which the air had been partially
evacuated. Compared with other adhesion methods (e.g., mag-
netic adhesion,1–3 electrostatic adhesion,4–6 and bioinspired adhe-
sion7–13), vacuum suction can generate a stable suction force
regardless of the substrate material with easy engagement and
disengagement. Therefore, vacuum suction units are widely used as
manipulators to grip and handle a variety of objects in industry,14–18

agriculture,19–21 surgery,22–24 and other fields. They are also applied
in numerous wall-climbing robots with different functions (e.g.,
cleaning the glass walls of high-rise buildings25–27 and inspecting
hostile constructions28–30).

However, the application of a vacuum suction unit is greatly
constrained by vacuum leakage. Figure 1 shows a schematic of a vac-
uum zone in the atmosphere. Vacuum leakage is the air flow from

the atmosphere to the vacuum zone driven by the pressure difference
at the boundary of the vacuum zone (shown by a broken line). There
are two necessary conditions for vacuum leakage: a flow path con-
necting the atmosphere and vacuum zone and a pressure difference
at the boundary of the vacuum zone.

Vacuum leakage is traditionally prevented by blocking the flow
path at the boundary (i.e., breaking the first condition for vacuum
leakage). Figure 2(a) shows a traditional vacuum suction unit with
a cylindrical chamber. There is a soft sealing ring on the periph-
ery of the chamber, and the chamber in the center is connected to
a vacuum source (e.g., vacuum pump or vacuum ejector31,32). For
operation on a smooth surface, the sealing ring is pressed against the
surface to completely block the flow path between the vacuum zone
and the atmosphere. As the initial air in the chamber is evacuated
by a vacuum pump, a vacuum zone is created in the chamber. The
pressure distribution on the working surface is plotted in Fig. 2(a)
(the experimental method and setup are described in Appendix A).
As indicated by the red circles, the pressure in the chamber is uni-
form and 90 kPa below atmospheric pressure [i.e., −90 kPa (g)].
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FIG. 1. Schematic of vacuum leakage.

In this case, vacuum leakage does not occur because there is no
flow path from the vacuum zone to the atmosphere. However, when
the working surface is rough, although the soft sealing ring can
deform to a certain extent to tightly contact the surface, gaps form
between the sealing ring and the rough surface. This creates flow
paths that connect the vacuum zone and atmosphere [see Fig. 2(b)].
In this case, because both conditions are satisfied, vacuum leakage
occurs. The leakage air flows through the gaps and forms a gradu-
ally changing pressure distribution in the sealing ring; it then flows
into the chamber and breaks the pressure state of the vacuum zone.
Figure 2(b) shows the resulting pressure distributions on sandpaper
with roughnesses of P120 and P60, respectively. As the working sur-
face becomes rougher, the gaps get larger, and the flow resistance
of the gaps becomes smaller. Consequently, the flow rate of the vac-
uum leakage increases, which eventually causes the vacuum zone in
the chamber to vanish.

The traditional method of blocking the flow path fails to
prevent vacuum leakage on rough and uneven surfaces. Some
researchers have improved the structure of the sealing ring to

increase the flow resistance. For example, Zhao et al. proposed
a sealing mechanism with an air spring and regulating springs.33

Longo and Muscato designed a sandwich of Teflon/bristle sealing
for the vacuum suction unit of their wall-climbing robot.34 Koo
et al. installed a double-layer rubber ring consisting of a flexible
bending layer and a single straight layer on their vacuum suc-
tion unit.35 Nevertheless, all of these improvements are within the
scope of the traditional method. Thus, none of them can effectively
avoid vacuum leakage and maintain the vacuum state on rough and
uneven surfaces.

In this article, we propose a new method to prevent vacuum
leakage that eliminates the pressure difference at the boundary of
the vacuum zone (i.e., breaking the second condition of vacuum
leakage), which we call the zero pressure difference (ZPD) method.

II. ZERO PRESSURE DIFFERENCE METHOD
A. Mechanism

In order to eliminate the pressure difference at the boundary
of the vacuum zone, the pressure at the boundary must be equal
to the atmospheric pressure, while a high vacuum is maintained in
the zone. Therefore, a stable pressure gradient must be established
near the boundary. As shown in Fig. 3, the ZPD method builds a
rotating water layer on the periphery of the vacuum zone to cre-
ate a sharp pressure gradient. The pressure inside the water layer is
a high vacuum. The pressure increases in the radial direction and
reaches atmospheric pressure outside the water layer (i.e., boundary
of the vacuum zone). There is no pressure difference at the boundary
of the vacuum zone, so the second condition for vacuum leakage is
broken.

Figure 4 is a schematic of a new vacuum suction unit based on
the ZPD method (i.e., ZPD suction unit). A fan is set in the chamber
and fixed on the motor shaft. As shown in Fig. 4, the outer radius of
the fan Rf is slightly smaller than R to avoid scratch, so the fan region
is within and slightly smaller than the vacuum chamber. Water is
injected into the chamber. When the ZPD suction unit is operating,
the fan rotates to drive the water and air in the chamber to rotate.
Because water is denser than air, it accumulates on the periphery,

FIG. 2. Traditional vacuum suction unit.
(a) Traditional suction unit on a smooth
surface. The red circles indicate the
experimental pressure distribution on the
smooth surface. (b) Traditional suction
unit on rough surfaces. The blue trian-
gles and green squares indicate pres-
sure distributions on P120 and P60
sandpaper, respectively.
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FIG. 3. Schematic of the ZPD method.

while the air occupies the center of the chamber. If the fluid in the
chamber is assumed to be fully driven by the fan, the fluid rotates
at the same rotational speed ω as the fan, which means that the tan-
gential velocity uα of the fluid is equal to ωr (where r is the radius
position). The rotating flow and its resulting inertial effect ρuα2/r
are dominant, while the effect of other velocity components and the
viscous effect are small in comparison and thus can be neglected.
The motion equation of the fluid (i.e., Navier–Stokes equation) in
the chamber can be simplified as

ρω2r = ∂P
∂r . (1)

Substituting the density of air ρa and density of water ρw into ρ in (1)
and integrating (1) in r lead to the following pressure distribution in
the chamber:

P(r) =
⎧⎪⎪⎨⎪⎪⎩

1
2ρaω2r2 + Pc(0 ≤ r ≤ R − δ),

1
2ρwω2(r2 − R2) + Pb(R − δ < r ≤ R),

(2)

FIG. 4. Schematic of the ZPD suction unit. The red line indicates the pressure
distribution based on (2) for ω = 93.4 rps and δ = 9 mm.

where R is the radius of the vacuum chamber, δ is the thickness of
the water layer, and Pc and Pb are the pressures at r = 0 and r = R,
respectively. As an example, if the rotation speed ω of the fan is 93.4
rps and the water layer thickness δ is 9 mm, the pressure distribution
P(r) that forms in the chamber is as shown in Fig. 4. The following
can be observed:

(1) A sharp and quadratic pressure distribution is formed within
the rotating water layer because of the high density of water.
The pressure difference on either side of the 9 mm thick water
layer can be as high as 90 kPa [i.e., outside the water layer is
0 kPa (g) while inside is −90 kPa (g)].

(2) A pressure gradient also forms in the center but is tiny
because air is much less dense than water. According to Li’s
group,36–38 the pressure difference generated by a rotating air
flow is usually within hundreds of pascals. In addition, the
high vacuum in the center further reduces ρa and the pres-
sure gradient. Therefore, the pressure in the center can be
considered uniform [i.e., P(r) = Pc, where r < R − δ].

(3) If the pressure gradient at the center is neglected, the conti-
nuity of P(r) at r = R − δ gives (3). This equation implies that
Pb can be set to atmospheric pressure by adjusting Pc, ω, and
δ such that the pressure difference at the boundary of the vac-
uum zone can be eliminated. As a result, the vacuum leakage
can be prevented even on rough and uneven surfaces,

Pb = Pc + 1
2ρwω

2(2Rδ − δ2). (3)

As shown in Fig. 4, the air-water interface is usually located in the
fan region, which means the vacuum zone is smaller than the fan
region.

B. Design of a prototype
To implement the new method, we needed to design a ZPD suc-

tion unit. The key to the design was to make the target variable Pb
equal to the atmospheric pressure Pa. We adopted the design scheme
shown in Fig. 5(a) to supply water to the ZPD suction unit and
build a control system for Pb. There is an annular reservoir outside
the chamber. The reservoir and chamber are connected by several
circumferentially distributed orifices. The water in the reservoir is
supplied by an external water source, and a pressure regulator is used
to make the pressure in the reservoir Pr equal to atmospheric pres-
sure. When the vacuum inside the chamber pressure zone boundary
deviates from atmospheric pressure, the thickness of the water layer
can be adjusted automatically. For example, at a given pressure of the
vacuum pump Pc and rotational speed ω, when Pb < Pa, the pressure
difference ∆P drives the water flow from the reservoir to the cham-
ber through the orifices to increase the thickness of the water layer
and thus Pb. When Pb > Pa, the water in the chamber flows to the
reservoir, which decreases the thickness of the water layer and thus
Pb. This process can be described by the control block diagram in
Fig. 5(b); Pr is the system input (=Pa), and the boundary pressure
Pb is the output. This is a closed-loop control system with an inte-
gral, so the output of the system can be automatically adjusted to the
input, even when the pressure of the vacuum pump Pc and rotation
speed ω change. In addition, if there is a gap between the soft seal-
ing ring and the surface, a small amount of water leaks because of
the effect of gravity at a flow rate of qleak. Because the leakage flow is
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FIG. 5. Mechanism of the ZPD suction unit. (a) Schematic. (b) Pressure control
system.

generally viscous, qleak is proportional to the difference between Pb
and Pa with the coefficient being a constant Kseal. The effect of qleak
can also be compensated for by the closed-loop control system in
Fig. 5(b). A detailed analysis of the system in Fig. 5(b) is provided in
Appendix B.

Figure 6(a) shows the structure of the ZPD suction unit. The
inlet of the regulator is connected to a water tap, while the outlet is

FIG. 6. Rendering and photograph of the ZPD suction unit. (a) Rendering. (b)
Photograph.

TABLE I. Geometric parameters of the ZPD suction unit.

R0 (mm) R (mm) H (mm) Rf (mm) Hf (mm)

65 35 14 33 10

connected to the annular reservoir. The regulator and ZPD suction
unit are integrated and 3D printed. Similar to traditional vacuum
suction units, a nitrile foam rubber ring is embedded on the periph-
ery of the chamber. The motor that drives the fan is fixed in the
motor chamber with its shaft extending to the chamber through a
hole that connects the chamber of the vacuum zone with the motor
chamber. A micro-vacuum pump is used to evacuate the initial air
and create a vacuum zone in the chamber. Figure 6(b) is a pho-
tograph of the ZPD suction unit, and its dimensions are listed in
Table I.

III. RESULTS AND DISCUSSIONS
A. Experimental verification
1. Static characteristics

The pressure distributions of the ZPD suction unit on three
surfaces (i.e., smooth acryl and P120 and P60 sandpapers) were mea-
sured using the experimental setup introduced in Appendix A 1,
and the results have been plotted in Fig. 7. The experimental results
(points in the figure) clearly show that a flat pressure distribution
formed at the center of the vacuum zone, while a pressure gradi-
ent gradually rising to atmospheric pressure formed at the periphery

FIG. 7. Pressure distributions of the prototype on various surfaces. The red circles,
green squares, and blue triangles represent experimental pressure distributions on
a smooth acryl surface and P120 and P60 sandpaper, respectively. The red, green,
and blue lines represent the theoretical pressure distributions on a smooth acryl
surface and P120 and P60 sandpaper, respectively.
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of the vacuum zone (i.e., within the rotating water layer). The neg-
ative pressure in the vacuum zone was clearly unaffected by the
surface roughness. Although the rough surface of the sandpaper cre-
ated gaps, vacuum leakage did not occur because of the atmospheric
pressure at the boundary of the vacuum zone.

We recorded the motor speed for the smooth surface and P120
and P60 sandpaper: ω = 93.4, 88.0, and 83.3 rps, respectively. As the
surface roughness increased, so did the resistance to the fan rotat-
ing the water layer. Thus, the rotational speed of the fan decreased
slightly. Substituting the measured values of the rotational speed ω,
central pressure Pc and boundary pressure Pb into (2) gave the the-
oretical pressure distribution, which is shown by the solid lines in
Fig. 7. The theoretical curves agreed well with the experimental data.
The zone with the pressure gradient indicates the thickness of the
water layer. For the smooth surface, the water layer was 10 mm thick.
With rougher surfaces, the thickness of the water layer increased to
11 and 13 mm. This is because a decreasing rotational speed required
a thicker water layer to overcome the pressure difference between the
atmosphere and the vacuum zone. Figure 8 shows the suction value
Fs measured on five surfaces at a constant rotational speed of 90 rps:
smooth surface, P120 sandpaper, P60 sandpaper, tiled wall, and con-
crete floor with rocks. The experimental values of Fs were measured
using the setup in Appendix A 2. The different working surfaces
only caused a 2% difference in the suction force; in other words,
Fs was almost constant regardless of the working surface. This
result proves that the ZPD method can effectively prevent vacuum
leakage.

2. Dynamic response
Supplementary material, Video 1 and Fig. 9(c) record a working

cycle of the ZPD suction unit. The ZPD suction unit was fixed ver-
tically, and a transparent acryl disc was used as the working surface
[see Figs. 9(a) and 9(b)]. In order to simulate the leakage path, eight
radial grooves that were 10 mm wide and 2 mm deep were made
on the periphery of the acryl disc. At t = 0, the ZPD suction unit
began to work. The water was ejected into the chamber and rotated
by the fan to form a rotating water layer. After about 4 s, the flow
in the ZPD suction unit became stable. The rotational speed ω was
controlled to 70 rps, and Pc of the vacuum zone reached the mini-
mum pressure (−90 kPa) of the micro-vacuum pump. Although the

water in the chamber kept leaking through the radial grooves on the
workpiece at a leakage flow rate qleak of about 0.5 l/min, the rotating
water layer and vacuum state in the vacuum zone were maintained
well.

Next, we experimentally investigated the response of the ZPD
suction unit when we changed the water leakage, pressure of vacuum
zone, and rotational speed.

(1) At about t = 10 s, an additional flow path connecting the
chamber to the atmosphere (see Fig. 9) was opened by an
on–off valve, and an additional water leakage was suddenly
created. As a result, qleak increased to around 0.8 l/min. The
additional water leakage was immediately compensated for by
the regulator. Thus, the sudden change in qleak had no effect
on the rotating water layer and pressure state of the vacuum
zone.

(2) At about t = 25 s, Pc was deliberately changed from −90 kPa
to −40 kPa by adjustment of the power of the micro-vacuum
pump. The sudden rise in Pc increased Pb, as can be pre-
dicted by (3). The increase in Pb reduced the inlet water flow
rate qin, which reduced δ. As the thickness of the water layer
decreased, Pb returned to Pr. Conversely, at t = 33 s, Pc came
back to −90 kPa; Pb stayed below Pr for about 1 s, during
which qin increased. This increased δ and brought Pb back
to Pr.

(3) At about t = 41 s, the rotational speed ω was deliberately
increased to 100 rps. According to the control block diagram
in Fig. 5(b), Pb increased immediately, and qin decreased.
Consequently, the thickness of the water layer decreased,
and Pb dropped back to Pr. At t = 49 s, ω was reduced
to 70 rps. As predicted, Pb decreased, which increased qin.
Thus, the thickness of the water layer increased, and Pb rose
to Pr.

The above process verifies the block diagram in Fig. 5(b) and
indicates that the ZPD suction unit with negative feedback can
operate stably regardless of changes in qleak, Pc, and ω. Further-
more, we found that the dynamic responses of the ZPD suction unit
on rough surfaces are similar to that in Fig. 9(c). This is because
the additional resisting torque and the additional water leakage
caused by the roughness of the working surface can be compensated

FIG. 8. Suction force on various sur-
faces. (a) Photograph of the P120 sand-
paper. (b) Photograph of the P60 sand-
paper. (c) Photograph of the tiled wall.
(d) Photograph of the concrete floor with
rocks. (e) Suction force on various sur-
faces.
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FIG. 9. Experimental setup and results for dynamic test-
ing of the ZPD suction unit. (a) Image of the setup. (b)
Schematic of the setup. A flowmeter is used to detect the
inlet water flow rate qin. The water in the vacuum cham-
ber leaks through either the radial grooves or the additional
flow path controlled by the on–off valve. The power of the
vacuum pump can be adjusted, so Pc can be changed.
The speed controller can control the rotating speed to the
demanded value. The transient rotating speed can be read
from the speed controller. (c) Experimental results.

by the rotating speed controller and the water pressure regulator,
respectively.

B. Power consumption
Figure 10 plots the power consumption of the ZPD suction

unit on various surfaces under the conditions of ω = 90 rps and
Pc = −90 kPa. The power comprised two components: the power
of the vacuum pump and the power of the motor driving the fan.

The ZPD method ensures no pressure difference and no vac-
uum leakage on the boundary of the vacuum zone on any surface.
The vacuum pump evacuates the initial air from the chamber when
the prototype started. While the ZPD suction unit is operating, the
vacuum pump has its lowest power consumption with a zero intake
flow rate. Therefore, the power of the vacuum pump can be very
low. We adopted a micro-vacuum pump for the ZPD suction unit
with a rated power and weight of only 10 W and 270 g, respectively.

Moreover, the power of the vacuum pump does not change with the
surface roughness.

Compared with the low power consumption of the micro-
vacuum pump, the power of the motor reaches hundreds of watts
and increases with the roughness of the working surface. The small
power consumption of the pump and the large power consumption
of the motor are both owing to the natural characteristics of the ZPD
suction unit. The motor has to overcome the frictional resistance
torque between the fluids (i.e., the rotating water layer and air in the
chamber) and wall (i.e., the inner surfaces of the chamber and work-
ing surface). Because air is much less dense and viscous than water,
especially in a high vacuum, we only need to consider the resistance
torque generated by the rotating water layer. The resistance torques
on the upper surface of the chamber, cylindrical surface of the cham-
ber, and working surface are represented by Tupp, Tcyl, and Twor,
respectively, and are expressed below. A detailed derivation based
on empirical wall functions39,40 is presented in Appendix C,
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FIG. 10. Power consumption of the prototype on various surfaces.

Tupp =
0.18πρ

3
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3
4 μ
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4 ω
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7
4 R2H
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1
4

, (5)

Twor =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

0.18πρ
3
4 μ

1
4 ω

7
4 [R 19

4 − (R − δ)
19
4 ]

19(H−Hf
2 )

1
4

, smooth,

0.4πρω2⌈R5 − (R − δ)5⌉
( 1

0.41 lnH−Hf
2ε + 8.5)2 , rough.

(6)

When the rotational speed ω and vacuum pressure Pc are
known, we can use (3) to calculate the thickness δ. Then, we can sub-
stitute δ into (4)–(6) to calculate the three resistance torques. Finally,
the total resistance torque Ttot and rotational speed of the water layer
ω can be multiplied to obtain the theoretical power consumption
of the motor. The calculated power consumptions of the motor on
the smooth surface and P60, P36, and P24 sandpaper were 65, 102,
118, and 129 W, respectively. The internal power loss of the motor
was not considered in the theoretical calculation, so the values are
smaller than those in the experimental results. However, the trend
of the theoretical results is consistent with the experimental results.
The large power consumption of the motor may be reduced by spe-
cial treatments of the vacuum chamber wall (e.g., wrinkled surface41

and superhydrophobic surface42), which will be our future research.

C. Comparison of the ZPD and traditional suction
units

Experiments were performed to compare the ZPD suction unit
with a traditional suction unit. The traditional suction unit consisted
of a chamber and sealing ring, as shown in Fig. 2, and it was the same
size as the prototype of the ZPD suction unit.

First, the traditional suction unit was tested on four surfaces:
a smooth surface and P60, P36, and P24 sandpaper. When the vac-
uum zone in the chamber was maintained at −80 kPa, vacuum leak-
age occurred with a rough working surface. A flow rate sensor was
installed in the suction port of the vacuum pump to measure the
vacuum leakage flow rate. The results are shown in Fig. 11(a). The
sealing ring is fit closely on the smooth surface, which resulted in
no leakage flow. However, as the surface roughness increased, the

FIG. 11. Comparison of the ZPD and traditional suction units. (a) Leakage flow
rate. (b) Total power. (c) Weight.

leakage flow rate increased dramatically. The air flowing into the
chamber expanded rapidly in the very high vacuum. For example,
an air flow of 10 l/min at standard pressure [0 kPa (g)] expanded
to 50 l/min at −80 kPa (g) vacuum. Therefore, the vacuum pump
needed to be very powerful, which would greatly increase the power
consumption, weight, and size.

Two vacuum pumps from Schmaltz Co. (EVE-TR-X 80 AC3
IE3-TYP1 and EVE-TR-X 100 AC3 IE3-TYP1 F) were used to gen-
erate vacuum for the traditional suction unit in the experiments.
The intake flow rates of the two vacuum pumps at an entrance pres-
sure of −80 kPa were 7.4 and 10.9 l/min (standard reference atmo-
spheric condition, hereafter ANR), respectively. When the leakage
flow was 0–7.4 l/min (ANR), the EVE-TR-X 80 AC3 IE3-TYP1
vacuum pump was used, which had a rated power and weight
of 2.2 kW and 78 kg, respectively. When the leakage flow was
7.4–10.9 l/min, the EVE-TR-X 100 AC3 IE3-TYP1 F vacuum pump
was used, which had a rated power and weight of 3 kW and 100 kg,
respectively. Under the assumption that the leakage flow rate is
proportional to the power of the vacuum pump, Fig. 11(b) plots
the power consumption of the traditional suction unit on the four
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FIG. 12. Applications of ZPD suction units. (a) ZPD suction unit as the end-effector
of a robotic arm. (b) ZPD suction units in a hexapod wall-climbing robot. (c) ZPD
suction units for a spider-man wall-climbing device.

surfaces: 0, 1.1, 2.5, and 2.8 kW. Figure 11(c) plots the total weight
of the traditional suction unit and vacuum pump. The red circles in
Fig. 11 indicate the data of the ZPD suction unit. The ZPD suction
unit was clearly much more efficient for rough surfaces in terms of
the power consumption and weight.

IV. APPLICATIONS
To highlight the versatility of the ZPD suction unit, we present

three potential applications in supplementary material, Videos 2–5.
In the first application [Fig. 12(a) and supplementary material,

Video 2], the ZPD suction unit (see Table II) was fixed to the end
of a robotic arm as a manipulator to grip and handle objects. The

rotational speed ω was controlled to 90 rps, and the resulting suction
force was 267 N. Therefore, the 10 kg concrete block was easily lifted
by the robotic arm and handled with arbitrary poses. The rough sur-
face of the concrete block created flow paths between the atmosphere
and the vacuum chamber, so water droplets fell continuously when
the ZPD suction unit was placed vertically because of the effect of
gravity. However, because of no vacuum leakage, a 10 W micro-
vacuum pump was sufficient. If the power for rotating the water layer
is considered, the total power consumption of the prototype is only
190 W. In comparison, a traditional suction unit would require a
very powerful and heavy vacuum pump to maintain a high vacuum
against leakage.

Spenko et al. have presented a biologically inspired hexapedal
robot that is capable of locomotion on both the ground and a variety
of vertical building surfaces.43 We applied the ZPD suction units to
a hexapod robot so that it can climb rough and uneven walls. As
shown in Fig. 12(b) and supplementary material Video 3, a robot
weighing 16.5 kg maneuvered robustly on a tiled wall [see Fig. 8(c)]
with an 11.5 kg payload. The robot was continuously supplied by
electrical power and water via a cable and tube. The robot had a ZPD
suction unit on each foot; the dimensions are listed in Table II. A
single suction unit generated a suction force of about 500 N on the
tiled wall, and the measured maximum friction force between the
suction unit and the tiled wall was approximately 200 N. Because
at least three of its feet were anchored on the wall, the maximum
payload of the robot was about 43.5 kg.

Hawkes et al. developed a gecko-inspired synthetic adhesion
device that enabled a human to climb vertical glass.44 We applied
the ZPD suction unit to a spider-man wall-climbing device. The
ZPD suction unit used for this application was the largest in size (see
Table II) and generated a suction force of about 2000 N. If the fric-
tion coefficient (0.4 on the tiled wall and 0.6 on the concrete wall) is
substituted into the Coulomb friction model, the maximum friction
force was over 800 N on the tiled wall and 1200 N on the concrete
wall, which is more than the weight of an ordinary adult. Therefore,
a pair of ZPD suction units can be used in a device for a person
to climb vertical walls. As shown in Fig. 12(c) and supplementary
material, Videos 4 and 5, a man weighing 67.5 kg climbed the walls
with the help of the spider-man wall-climbing device.

TABLE II. Performance of ZPD suction units with various size.

Hexapod wall- Spider-man
Applications Robotic arm climbing robot wall-climbing device

Geometry of ZPD

R0 (mm) 65 80 140

suction units

R (mm) 35 50 100
H (mm) 14 15 25
Rf (mm) 33 48 98
Hf (mm) 10 10 20

Performance of ZPD

Fs (N) 267 (n = 90 rps) 494 (n = 55 rps) 2005 (n = 28 rps)

suction units

Total power (W) 190 (on concrete surface) 232 (on tiled wall) 658 (on tiled wall)
Weight (kg) 0.8 1.2 3.0

Efficiency (N/W) 1.41 2.13 3.05
Weight-specific suction force (−) 34.1 42.0 68.2

qleak (l/min) 0.19 1.12 2.11
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Table II lists the total power consumptions and weights of the
single suction units in the three applications. The efficiency (i.e.,
ratio between the generated suction force and the consumed elec-
trical power) and weight-specific suction force (i.e., ratio between
the generated suction force and the weight of the suction unit) were
calculated. Both indices increased significantly with the size of the
suction unit. This implies that a suction unit based on the ZPD
method can provide better performance for applications that require
a large load capacity.

The water leakage flow rates for various suction units are also
listed in Table II. Because Pb is usually only slightly higher than Pa,
the water leakage flow rate of a ZPD suction unit is small compar-
ing to the air leakage rate of a traditional suction unit for the same
rough surface. However, qleak is also affected by the sealing effect
between the suction unit and the working surface. When the suction
unit for the robotic arm worked on the concrete surface, the steady-
state qleak (0.19 l/min) was much smaller than that in Fig. 9 (around
0.5 l/min). This is because the grooves on the working surface greatly
affected the sealing effect of the soft sealing ring and caused sig-
nificant water leakage. Furthermore, qleak of the suction units for
the hexapod wall-climbing robot and the spider-man wall-climbing
device grew dramatically, which is mainly due to the following two
reasons: (1) the grooves between the tiles on the tiled wall, as well
as other unevenness of the surface, made the sealing effect poor and
(2) the circumference of the vacuum chamber increased as the size
of the suction unit increased, which significantly increased the water
leakage flow rate. By careful design of the sealing structure of the
suction unit, the sealing ring can fit better with the working surface
so that the sealing effect can be significantly improved and qleak can
be largely decreased. This will be our future research.

V. CONCLUSION
The traditional method to prevent vacuum leakage is to block

the flow path between the atmosphere and the vacuum zone. This
is difficult to achieve when a suction unit is operating on a rough
surface. We propose the ZPD method, which uses a different mech-
anism to prevent vacuum leakage. The ZPD method eliminates the
pressure difference between the atmosphere and the vacuum zone.

We successfully designed and fabricated a ZPD suction unit
that uses a rotating water layer to generate a steep pressure gradi-
ent on the periphery of the vacuum zone, so a high vacuum can be
maintained in the center of the vacuum zone while the pressure at
the boundary remains atmospheric. There is a closed-loop control
system inside the ZPD suction unit, so the pressure at the boundary
is unaffected by water leakage and changes in the central pressure
and rotational speed.

Experiments were conducted to investigate the energy con-
sumption of the ZPD suction unit. Because there is no vacuum
leakage, a 10 W micro-vacuum pump was sufficient to obtain a
high vacuum in the vacuum zone. Meanwhile, the motor that drives
the rotating water layer in the chamber consumes more power, and
the power consumption increases with the roughness of the work-
ing surface. A theoretical model was derived to predict the power
required to drive the rotating water layer.

The ZPD suction unit was compared with a traditional suction
unit in terms of power consumption and weight. The traditional suc-
tion unit can work more efficiently on a smooth surface than the

ZPD suction unit. However, as the working surface becomes rough,
the vacuum leakage flow rate of the traditional suction unit increases
dramatically, which dramatically increases the power consumption
and weight of the vacuum pump. In this case, the ZPD suction unit
shows its advantage of no vacuum leakage. It consumes much less
power, and its weight is tiny compared with the heavy vacuum pump
required by the traditional suction unit.

Three ZPD suction units of different sizes were applied to a
robotic arm, hexapod wall-climbing robot, and spider-man wall-
climbing device. The analysis showed that the suction force increases
quadratically with the size of the suction unit. Furthermore, the
efficiency and weight-specific suction force were found to increase
significantly with the size of the suction unit.

The main limitation of the ZPD method is the demand for high-
density fluids such as water. Therefore, the ZPD suction unit cannot
be applied in situations where water is not available or needs to be
avoided.

SUPPLEMENTARY MATERIAL

See the supplementary material for the following videos:
Video 1: Dynamic response of the ZPD suction unit. Video 2:

Test of the suction unit as an end-effector of a robotic arm. Video
3: Test of the suction unit in a hexapod wall-climbing robot. Video
4: Test of the suction unit as a spider-man wall-climbing device on
a tiled wall. Video 5: Test of the suction unit as a spider-man wall-
climbing device on a concrete wall.

ACKNOWLEDGMENTS
This work was supported by the National Natural Science

Foundation of China (Grant Nos. U1613203 and 51975514), Shen-
zhen Science and Technology Plan (No. JCYJ20170816172938761),
and the Fundamental Research Funds for the Central Universities
(Grant No. 51221004).

APPENDIX A: EXPERIMENTAL SETUPS AND METHODS
1. Pressure distribution measurement

The pressure distributions in Figs. 2 and 7 were measured with
the setup shown in Fig. 13(a). There were 28 linearly distributed
pressure taps on the working surface. The inner diameter of the
pressure taps was 0.5 mm, and the distance between two adjacent
taps was 5 mm. Each pressure tap was connected to a pressure sen-
sor (±100 kPa, CFSensor Co., Ltd.), and the signals from the sensors
were acquired by an NI 6211 data acquisition system (DAQ) so that
the pressures detected by the sensors could be recorded.

2. Suction force measurement
The experimental setup shown in Fig. 13(b) was used to mea-

sure the suction force. The test suction unit worked on a fixed hor-
izontal surface, and an upward force was applied on the suction
force via a force sensor (SF-500, AIPU Co., Ltd.). The external force
raised the suction unit slowly until the suction unit separated from
the working surface. The DAQ recorded the readings from the force
sensor during this process. The suction force was obtained by sub-
tracting the weight of the suction unit from the maximum force
recorded by the DAQ.
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FIG. 13. Schematic of experimental setups. (a) Experimental setup for measuring
the pressure distribution. (b) Experimental setup for measuring the suction force.

APPENDIX B: ANALYSIS OF PRESSURE CONTROL
SYSTEM

There are some nonlinear elements [i.e., Eq. (3) and the regula-
tor] in the control system in Fig. 5(b), so it is not possible to directly
provide the transfer function of the system. In order to obtain the
transfer function, the system has to be linearized around a steady
state. We use the symbols with overbars (e.g., Pc, δ̄) to represent the
steady-state variables in the steady state. Pb can be expanded into a
Tayler series about the steady state as follows:

Pb = Pb +
∂Pb

∂δ
(δ − δ̄) +

∂Pb

∂Pc
(Pc − Pc) +

∂Pb

∂ω
(ω − ω̄) +⋯ (B1)

in which the derivatives are evaluated at the steady state according
to (3) as follows:

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

∂Pb
∂δ = ρwω̄2(R − δ̄) = Kδ ,

∂Pb
∂Pc
= 1,

∂Pb
∂ω = ρwω̄(2Rδ̄ − δ̄2) = Kω.

Equation (B1) can be rewritten as

P′b = Kδδ′ + P′c + Kωω′, (B2)

where the symbols with an apostrophe are fluctuating parts of the
original variables (for example, ω′ = ω − ω̄). Similarly, the regulator

FIG. 14. Linearized pressure control system.

can be linearized as

q′in = ∂qin
∂ΔPΔP

′ = KregΔP′. (B3)

As a result, Fig. 14 shows the linearized control system, the trans-
form functions of which can be directly obtained as follows:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

P′b(s)
P′r(s)

= Kδ(Kreg + Kseal)
s + Kδ(Kreg + Kseal)

,

P′b(s)
P′c(s)

= s
s + Kδ(Kreg + Kseal)

,

P′b(s)
ω′(s) =

Kωs
s + Kδ(Kreg + Kseal)

.

(B4)

The system is stable according to the Routh-Hurwitz stability
criterion. Furthermore, applying the final value theorem to the sys-
tem leads to the following conclusions: (1) for a step input of Pr

′,
the steady-state error between Pb

′ and Pr
′ is zero and (2) step inputs

of Pr
′ and ω′ would not change the steady-state value of Pb

′. The
conclusions are coincident with the experimental results in Fig. 9(c).
Finally, the response time of the system can be reduced by increasing
Kreg and Kseal. However, Kseal should be minimized to reduce water
consumption. Therefore, the possible way to reduce the response
time is to improve Kreg of the water pressure regulator.

APPENDIX C: THEORETICAL MODEL FOR RESISTING
TORQUE

The red dashed line in Fig. 15 indicates the control volume. The
output torque of the motor Tm is balanced with the resistance torque

FIG. 15. Velocity distribution in the chamber.
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of the control volume Tf, and the resistance torque can be obtained
from the integral of the shear stress τw on the control surface,

Tm = Tf = ∯S0
τwr ds. (C1)

S0 is the surface of the control volume, which consists of three parts:
the upper wall of the chamber Supp, cylindrical wall of the chamber
Scyl, and working surface Swor. Accordingly, the resistance torque can
be divided into three parts: Tupp, Tcyl, and Twor. The shear stress τw
on the surfaces is proportional to the velocity gradient on the wall,

τw = μ ∂U
∂y ∣y=0

, (C2)

where μ is the dynamic viscosity of the fluid, y is the distance to the
wall, and U is the velocity parallel to the wall as a function of y. The
following friction velocity can be adopted:

Uτ =
√
τw/ρ. (C3)

Then, y and U can be made dimensionless,

y+ = ρUτy/μ, (C4)

U+ = U/Uτ . (C5)

In the viscous layer (y+ < 5), the velocity distribution can be
described by37,38

U+ = y+(y+ < 5). (C6)

In the turbulent layer (y+ > 20), the velocity distribution for a
hydraulically smooth wall follows the empirical 1/7th power law,37,38

U+ = 8.74y+1/7(y+ > 20). (C7)

The region between viscous and turbulent layers is the buffer layer
(5 < y+ < 20). The fluid in the region swept by the fan is assumed
to rotate like a rigid body (i.e., uα = ωr), while the velocity in the
region between the fan and walls is assumed to follow (C6) and (C7).
Because y = (H − Hf)/2 should be located in the turbulent layer in
practice, the shear stress on Supp can be obtained by substituting the
boundary condition U|y=(H−Hf )/2 = ωr into (C3),

τw =
0.0225ρ3/4μ1/4ω7/4r7/4

[(H −Hf)/2]1/4
. (C8)

Because the air in the vacuum zone has much lower density and vis-
cosity than water, the shear stress in 0 < r < R − δ can be neglected.
Therefore, Tupp can be obtained as

Tupp = ∫
R

R−δ
2πr2τwdr

=
0.18πρ3/4μ1/4ω7/4[R19/4 − (R − δ)19/4]

19[(H −Hf)/2]1/4
. (C9)

Similarly, Tcyl can be obtained by substituting U|y=R−Rf = ωRf into
Eq. (C7) and integrating τw on Scyl,

Tcyl =
0.045πρ3/4μ1/4ω7/4Rf

7/4R2H

(R − Rf)1/4 . (C10)

When the working surface is smooth, Twor can be calculated from
the boundary condition U|y=(H−Hf)/2 = ωr,

Twor =
0.18πρ3/4μ1/4ω7/4[R19/4 − (R − δ)19/4]

19(H−Hf
2 )

1/4 . (C11)

When the working surface is rough, however, the following logarith-
mic wall function should be used instead,37,38

U+ = 1
0.41 ln y

ε + 8.5( ρUτε
μ > 70), (C12)

where ϵ is the equivalent sand roughness. Consequently, Twor is
given by

Twor =
0.4πρω2R5 − (R − δ)5

( 1
0.41 lnH−Hf

2ε + 8.5)2 . (C13)

Finally, the sum of Tupp, Tcyl, and Twor is the output torque of the
motor,

Tm = Tf = Fupp + Fcyl + Twor. (C14)
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