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The aerodynamics of a fixing device intended for robots of vertical movement is investigated. Fixa-

tion is carried out by creating a vacuum under the bottom of the robot through a fan. Theoretical
calculations were carried out to assess the dependence of the pressing force on the flow rate of air

pumped out by the fan. A comparison is also made with experimental data obtained using the

created model of the fixing device.
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1. Related works

Aerodynamic adhesion is often used to fixing miniature wall climbing robots. Surface fixation

is carried out using centrifugal or axial fans with various shapes of ducts. In [1,2] a fixing

device’s aerodynamics simulations of the ”city climber” robot is considered. The device is

based on a centrifugal fan , at the outlet of which the flow is thrown in the direction from

the surface, creating an additional pressing force. Also aerodynamics simulations of fixing

devices with centrifugal and axial fans are represented in [3,4]. In [5–7] using a fluid network

theory is proposed for calculating the adhering characteristics of the sliding suction cup of

the wall climbing robot. It is assumed that in the suction cup the flow is considered as radial.

The flow radiality is also used in [8] to study the fixing device which is an impeller that

rotates under the bottom of the robot. Experimental investigation of this type of a robot is

given in [9]. An detailed experimental study of a fixing device using an axial fan is presented

in [10,11]. Fixing device without impeller that uses vortex flow to generate a pressing force

is consider in [12]. The problem of aerodynamic adhesion to the surface is similar in essence

to the problem of holding a hovercraft above the surface, considered, for example, in [13]. In

this paper investigates the dependence of the fixing force on the air flow rate created by the

fan based on the Bernoulli equation. This study will theoretically evaluate the effectiveness

of various types of seals of wall climbing robots with aerodynamic adhesion to the surface.

2. Fixing device aerodynamic model

Consider the aerodynamic fixing device of a crawling robot. Let’s introduce a Cartesian

coordinate system as shown at fig. 1. The robot’s vacuumed chamber consists of several

areas. Areas (1) under the bottom of the body of the device and areas (2) under the fan.

In the area (1), we denote the pressure as p1(x), air flow rate as v1(x), distance from the

surface to the bottom of the fixing device as h, flow area as S1(x) = 2πxh, (r2 ≤ x ≤ r1),

in this area coordinate x takes values from the interval r2 < x < r1, where r2 - radius of

the area under the fan, r1 - external radius of the body. Since the height of the robot is

insignificant than changes in atmospheric pressure depending on y is negligible. In the area
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Fig. 1. Air current lines in the fixing device

(2) 0 ≤ x < r2 we assume that the pressure p2 does not depend on the coordinate y. The

rate in this area v2, the width of the area 2r2, flow area S2 = πr22. The distance from the

surface to the bottom and the radius of the cross- section at the entrance to area (2) must

be related by the ratio r2(y = h) = 2h in order to avoid cross-section differences at the

junction of area (2) and area (1). Atmospheric pressure outside p0, the flow rate under the

bottom is obviously much lower than the speed of sound, so the density of air ρ is constant

value. We will consider the steady flow mode. Than the mass air flow rate Q generated by

the fan is constant and the flow rate is determined by the following expressions

v1 =
Q

ρS1
, v2 =

Q

ρS2
(1)

The pressure distribution in the flow is given by the Bernoulli equation

p0 = p1(x) +
ρv21(x)

2
= p2 +

ρv22
2

(2)

substituting (1) in (2) we obtain the following expressions

p1(x) = p0 −
Q2

8ρπ2x2h2
, (r2 ≤ x ≤ r1); p2 = p0 −

2Q2

ρπ2r42
(3)

Reactive pressing force due to air flow from the fan directed from the surface is repre-

sentable as follows.

FR =
∆m

∆t
v2 = Qv2 =

Q2

πρr22

In the case of hovering in air, this force is a force that compensates for the weight of the

robot. In the case of a centrifugal fan, this force is present if the air coming out from the

impeller is deflected by the outlet duct in the direction from the surface.

A pressing force appears in the region (2) due to refraction

F2 = (p0 − p2)πr22 =
2Q2

ρπr22

The pressing force in the region (1) is

F1 =

∫ r1

r2

[p0 − p1(x)] dS

Where dS = π(x+dx)2−πx2 ≈ 2πxdx - the elementary area over which the pressing occurs,

then
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F1 =

∫ r1

r2

Q2

8ρπ2x2h2
2πxdx =

Q2

4πρ

(∫ r1

r2

dx

xh2

)
=

Q2

4πρ

(
ln[r1/r2]

h2

)
If we assume that r1 = kr2(k > 1), r2 = nh(n > 1), then the pressing force will be

expressed by the following equation:

F1 =
Q2

4πρr22
n2 ln k

Consider the function
F1

FR
=
n2 ln k

4
(Fig.2)

Fig. 2. Fixing force

It can be seen from the graph that the fixing force F1 significantly exceeds the pressure

due to the jet stream FR and due to rarefaction in the fan region F2 = 2FR even with h

gaps comparable to r2.

The resulting pressure force is expressed as follows:

Fp = FR + F1 + F2 =
Q2

πρ

(
3

r22
+
ln[(r1 − l)/r2]

4h2

)
= KQ2 (4)

where K =
1

πρ

(
3

r22
+
ln[(r1 − l)/r2]

4h2

)
- the constant, depending on the geometry of the

duct and air density.
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Fig. 3. Air current lines in the fixing device

3. Experimental verification

A prototype of an aerodynamic fixing device was created to study various parameters that

affect the process of pressing to the surface. At the base of the pressing device is a flat

hard disk with a hole in the center. Through this hole, the air passing through the channel

with the flow meter is pumped out by means of a vacuum pump of the centrifugal type.

Mass Airflow Sensors AWM720P1 is used. The impeller of the vacuum pump is driven by

a DC motor. A constant gap is maintained between the disk and the fixing surface. The

device body is supported on the surface by means of three supports under which pressure

sensors are installed. The film pressure sensors FSP 402 were used. The supports are located

at the vertices of a regular triangle, which ensures static stability of the entire structure

and uniform load distribution between the force sensors. The value of the pressure force is

obtained by summing the force sensor readings. An example of the data obtained for an

centrifugal impeller compared with the theoretical results is shown in fig. 4. The following

parameters of the experimental prototype were taken for calculation: r1 = 0.25 m, r2 = 0.019

m, h = 0.003 m, ρ = 1.2 kg/m3.

Fig. 4. Air current lines in the fixing device
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4. Conclusion

The dependence of the pressing force of the aerodynamic fixing device on the air flow is

obtained. The influence of reactive force and rarefaction in various areas of the fixing device

on the fixing force is estimated. The calculated results are compared with experimental.

Experiment confirms that the fixing force is proportional to the square of the air flow

rate pumped out by the fan, and the proportionality coefficient is determined only by the

geometry of the pressing device and the gap between the housing and the surface.
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