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Abstract

A self-adjusted adsorption strategy is developed for an aircraft skin inspection robot with double frames to improve adsorption safety
and movement stability. The principal aim is to determine the optimal value of adsorption force when the robot slips or overturns on the
fuselage. A pneumatic system that consists of suction cup and cylinder control is designed. Static force analysis shows that the adsorption
force of the aircraft skin inspection robot is related to the curvature of the fuselage. The relationship between the minimum value of ad-
sorption force and offset angle of the robot barycenter is established with the least-squares support vector regression algorithm. Pulse-
width modulation is then applied to control the pressure difference in the suction cup. Experimental results prove the feasibility of suction

cup control with the self-adjusted adsorption strategy.
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1. Introduction

To ensure that planes fly safely, people need to perform
regular nondestructive testing of aircraft skin [1], but this pro-
cedure is difficult because it involves intense labor, long test-
ing period, and high miss rates. In Refs. [2, 3], robots that use
vacuum for adhesion and can crawl around the fuselage were
introduced. An aircraft skin inspection robot has also been
developed based on mobile climbing robots [4-8]. Climbing
robots equipped with inspection devices can identify different
damage types on the aircraft skin, including corrosion and
fatigue crack [9].

As shown in Fig. 1, a double-frame structure is applied to
the design of an aircraft skin inspection robot [10]. A digital
signal processor (DSP) is used to control robot movement on
the fuselage. The robot uses negative pressure adsorption, and
eight suction cups are installed on the outer and inner frames.
Therefore, the robot can adhere to the aircraft safely. The
movements of the outer and inner frames are driven by step-
ping motors. The robot can move on the surface of the aircraft
through the switching of the double frames. The front and rear
double-acting cylinders elongate or shorten by different dis-
tances to change the posture of the robot.

If the adsorption force cannot be changed, the maximum
adsorption force during the robot’s climb along the fuselage
must be maintained to ensure that the robot moves safely [11,
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Fig. 1. Aircraft skin inspection robot with double frames.

12]. Compared with constant adsorption [13], the changing
adsorption in this work can improve movement stability [14].
The robot can adjust the adsorption force when the barycenter
angle is changed to satisfy the minimum adsorption force.

The rest of this paper is structured as follows. Sec. 2 pre-
sents a static force analysis of a robot on a surface. Sec. 3 in-
troduces the pneumatic system of an aircraft skin inspection
robot. Sec. 4 presents a self-adjusted adsorption strategy, and
Sec. 5 shows the analysis of experimental results. Sec. 6 pro-
vides the conclusions.

2. Analysis of optimal adsorption force

When an aircraft skin inspection robot moves on the surface
of an aircraft, sufficient adsorption force must be guaranteed
to avoid sliding and overturning. Static force analysis assumes
that the aircraft fuselage is a cylindrical surface. An optimal-
adsorption mechanical model was established in a previous
study [15, 16] through an analysis of force balance to improve
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(b) Vertical view of a rob

Fig. 2. Static force analysis of a robot on a curved surface.

the stability of robot movements. Two cases were considered.
The first one was anti-slipping state, in which the robot slid
along the surface of the aircraft. The second case was anti-
overturning state, in which the robot rolled around a line
formed by two suckers. The specific force analysis is shown in
Fig. 2.

In Fig. 2(a), o—xyz is the global coordinate system, and
o'-x'y'z" is the coordinate system centrally located on the
outer frame of the robot. x'o'y' is parallel to the plane of the
outer frame, and the suction cups installed on the outer frame
are defined in a clockwise direction as numbers 1, 2, 3, and 4.
f, is the frictional force acting on the suction cup
i(i=1,2,3,4), and it is divided into f;, and f, along the
curved surface in the tangential direction. In Fig. 2(b), L, is
the distance between the front and rear legs of the robot, L,
is the distance between the left and right legs of the robot, and
6, is the angle between the frictional force acting on the suc-
tion cup i(i=1,2,3,4) and the tangent plane of the position of
suction cup . In Fig. 2(c), G is the gravity of the robot, F
is the adsorption force resulting from the different pressures
between the inside and outside of sucker i, Fy, is the sup-
porting force acting on the ith sucker, « is the dip angle
caused by the deformation of a sucker, and £ is the offset
angle of the barycenter. L, is the offset of the barycenter,
H, is the distance from the barycenter to the plane formed
by four suckers, and R is the radius of fuselage curvature.

The equation of adsorption forces can be expressed as

F=F=F=F=r'pp=F, (1)

where r denotes the effective adsorption radius of the suc-
tion cup, 7 denotes the gas safety factor, and p denotes

(c) Side elevation of a robot

the difference between atmospheric pressure and the pressure
in the suction cup.

The supporting forces arising from the different positions of
Fy,, and Fy, canbe expressed as

E’Vl.z # EVM
E\/x = F\'A . (2)
Ev‘ = Evg

The frictional force on the ith suction cup can be expressed
as

fi= /uFM, > 3

where u is the friction coefficient.

2.1 Description of adsorption force balance
The equilibrium equations of adsorption forces and the
torque equilibrium equations are expressed respectively as
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In accordance with the symmetric relation with the axis of
the suction cup center, the torque equilibrium equations are
expressed as

4 4
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According to Eqgs. (4)-(6), the balance equations of the sup-
porting forces can be simplified as

2F cosal, +Geos B(L, + %) —Gsin SH,

2cosal, — usinalL (cosb, +cosb,)

2F cosal, + Gcosﬂ(%—Lg) +Gsin SH,
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O
2.2 Anti-overturning and anti-slipping conditions
We assume that the robot does not slip, that is,

6, =0(i =1,2,3,4) . The supporting forces are given by

L .
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When the robot adheres to the surface of the aircraft skin,
interaction forces arise between the suction cups and the sur-
face of the aircraft. The critical overturning condition is
Fy, = Fy, =0 . Therefore, the minimum anti-overturning ad-
sorption force is expressed as

Gsin BH, —Gcos B(L, + 5)
P 2

gmin

©

2cosal,

When the surface of the aircraft skin is very smooth, the ad-
sorption forces are extremely small that the robot may slip
from the aircraft. A critical condition when the robot begins
slipping on the aircraft is that friction forces must offset the
effect of robot gravity. The balance equation of supporting
forces can be expressed as

2u(F, + Fy)cosa +2(F, —F, )sina=Gsinj. (10)

According to Egs. (8) and (10), the minimum adsorption
force of anti-slipping Fimin is expressed as

Go

=— 11
4ucosal, (an
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where

o =2(u’ +1)sinacosasin fBH, + cos’ asin fL,

—2(u’ +1)sina cosa cos BL, — u’ sin® arsin L, — pucos L, .

The experimental parameters are set as follows: The robot
with a weight of about 5 kg is selected as the object of the
experiment, the coefficient of sliding friction u is assumed
to be 0.4, four suckers are installed on the inner frame of the
robot, and the distance from the centroid of the suckers to the
aircraft is 0.12 m. If the barycenter offset L, is extremely
small that the robot may slip or overturn, L, can be set to
0.01 m. The fuselage curvature is assumed to be an invariant
constant when obtaining the simulation data, and dip angle «
of the suction cup is 5°, 10° and 15°. The curves of minimum
adsorption force under anti-slipping and anti-overturning con-
ditions are shown in Fig. 3.

The safety of mobile robots is associated with robot pa-
rameters (R and £ ). In Figs. 3(a) and (b), when dip angle «
of the suction cup is 5°, 10° and 15°, the minimum anti-
overturning and anti-slipping adsorption forces decrease with
the increase in fuselage curvature. Under the same fuselage
curvature R, the larger dip angle « is, the smaller the
minimum anti-overturning and anti-slipping adsorption forces
are.

In Fig. 3(c), if the range of the offset barycenter angle is
0°—27", the robot can move on the fuselage with a small
adsorption force. This situation conserves energy and en-
hances robot flexibility. The adsorption force should be equal
to or greater than the minimum adsorption force of anti-
slipping £, to enable the robot to move around the fuselage
safely.

According to Egs. (1) and (11), the equation of minimum
adsorption force and robot barycenter angle can be simplified
as

Go
min

F=-nr’Pn=F,, 6 =—!,
=0 4ucosal,

(12)
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Fig. 3. Curves of minimum adsorption force.

where P, denotes the difference between the pressure in the
suction cup and atmospheric pressure.

3. Pneumatic system design

In Fig. 4, the configuration of the pneumatic system is di-
vided into cylinder and suction cup control, and the air flow
direction is indicated by an arrow. The action of suction cup
control can change the adsorption force to enable the robot to
move safely.

The suction cup is connected to port (2) of the three-way,
high-frequency solenoid valve. The air source is connected to
port (3) as the air inlet. The vacuum generator is connected to
the port (1) as the air outlet. The startup and closing durations
of the solenoid valve [17] can be controlled to allow for gas
inflow or outflow. Hence, the expected value of air flow can

e Vacuun Check Vacuum
’A” source ” filter " valve [ relief valve
Vacuum Rotary screw
generator valve

A
One-way
throttle valve

Five-way
solenoid valve

One-way
throttle valve

One-way
throttle valve

(¢))

Three—way high—
frequency
solenoid valve

Y Y ¢(2)

Double acting Piano-style
cylinders suckers

Fig. 4. Pneumatic system of the aircraft skin inspection robot.

&)
[

(a) Ordinary suction cup (b) G.FX77-type suction cup

(c) Beginning of adsorption (d) Adsorption of the suction cup

Fig. 5. Sucker adsorption process on the fuselage.

been obtained.

Fig. 5(a) shows an ordinary suction cup [18, 19], and Figs.
5(b)-(d) show a G.FX77-type suction cup. The structure of the
G.FX77-type suction cup consists of an organ-type chamber
and a seal lip. When this suction cup adheres to the aircraft, it
can form an angle of 5°-30°. Therefore, the robot can adhere
to the curved surface firmly. The sucker adsorption process is
shown in Figs. 5(b)-(d).

4. Self-adjusted adsorption strategy

Under the control of the pulse-width modulation (PWM)
signal, the opening and closing of the high-frequency solenoid
valve make the times of air inflow and outflow [20] different.
Therefore, obtaining an almost proportional flow rate is possi-
ble. The pulse-width signal is shown in Fig. 6, and its duty
cycle is given by

d=Tov (13)
T.
where T, is the high-level duration of the PWM signal, 7.

is the period of the PWM signal, d is the duty cycle of the
PWM signal, and 7, is the low-level duration of the PWM
signal.

The self-adjusted adsorption force strategy is implemented
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Fig. 7. Hardware implementation of the self-adjusted adsorption force
strategy.

with DSP, and the process is shown in Fig. 7. The value of
pressure in the suction cup is obtained with a digital pressure
meter. The six-axis angle sensor reveals the posture of the
robot and sends this information to DSP. DSP then saves the
sensor data in the FIFO memory. PWM control is imple-
mented in the data processing module.

According to barycenter angle S of the robot, the duty
cycle of the PWM signal is set by the DSP control board, as
shown in Fig. 8. Thus, the value of air inflow or outflow in the
suction cup is controlled by the solenoid valve. The maximum
velocity of gas flowing into and out of the suction cup can be
setas S, and S, respectively. If the duty cycle of the PWM
wave is d, in unit time, the volume of air inflow will be
(1-d)S [21], and the volume of air outflow will be dSs, .

The gas-flow equations can be expressed as

=—(1-d)PS
0, =-(-d)R , (14)
Q,, =—dES,
where P, denotes the difference between the pressure in the
suction cup and atmospheric pressure.

Gas flow conservation [22] can be expressed as

dP
0,-0,.+0, :VT;’ (15)

where Q, is the air leakage of the suction cup in unit time,
0, denotes the air inflow of the suction cup in unit time,
0, is the air output of the suction cup in unit time, and V
denotes the volume of the suction cup.

Designing a nonlinear controller with the least-squares sup-
port vector regression (LSSVR) algorithm is appropriate for

Parameter
setting

A 4
The digital
- signal
processor

Y
Duty cycle d of
PWM signal
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relation between
B and R,
A
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Solenoid valve
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adsorption o control
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The secure
mobile of the
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detention robot
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Fig. 8. Control procedure of adsorption self-adjustment.

the self-adjusted adsorption strategy due to the nonlinear rela-
tionship between the suction cup pressure difference and the
duty cycle of the pulse-width modulation signal [23-25].

The LSSVR algorithm is used to establish a mathematical
model between the pulse-width modulation duty cycle and the
suction cup pressure difference. The process is described as
follows.

The training set is {x,,y,} (i=12,3,---,n),x,eR",y, €R,
where x, denotes the pressure difference in the suction cup,
v, is the duty cycle of the pulse-width modulation signal, and
n denotes the number of samples.

In the feature space, the regression function can be ex-
pressed as

Jx)=wpx)+b, (16)

where ¢(x) denotes the kernel space mapping function,
weR" denotes the weight vector, and » denotes the offset.

The LSSVR algorithm is used to solve the following opti-
mal problem.

C n
minJ(w,e)=0.5||w|’ +=> ¢’
2 ; S a7

st. y,=weolx)+b+e, k=12-n

where J denotes the optimization objective function, ¢, € R
denotes the relaxation factor, and C e R denotes the penalty
factor.

The Lagrangian function can be expressed as

L=J(we)-Y[a(w p(x)+b+e -], (18)

i=1
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where a,(i=1,2,....n) isa Lagrange multiplier.
On the basis of Karush—-Kuhn-Tucker (KKT) conditions,
the optimal solution of Eq. (18) can be given as

w=>ap(x),a=Cs,y a=0,wepkx)+b+te=y,.

i=1 i=1

To improve accuracy and computational efficiency, the
Gaussian radial basis function is defined as

K(x;axk/):eXp(—J’”xi_x/ ”2) > (19)

where y is the width parameter, which controls the radial
range of the function.
The prediction function can be expressed as

f(x):ia,K(xi,x)+b. (20)

The mean square error (MSE) is used to measure the accu-
racy of the mathematical model, and it can be expressed as

MSE =3 (5~ () e

where n is the number of training samples (predicting sam-
ples), y, is the actual output value of training samples (pre-
dicting samples) for the duty cycle of the PWM signal, and
f(x,) is the LSSVR output value of training samples (pre-
dicting samples).

5. Analysis of experimental results

Experiments with different duty cycles were conducted on
suction cup control. A suction cup (Piab.FX77), a rotor flow-
meter, and three pairs of digital pressure switches used. The
diameter of the suction cup was 77 mm. The values of air
inflow and air output were set as 5 and 12 L/min, respectively.
The sampling period of DSP was set as 16 ms. The adsorption
process is shown in Fig. 9, where the y-axis is the pressure
difference pl . When duty cycle d was 30 %, 55 %, 60 %
and 70 %, the pressure equilibrium value differed. Thus, the
self-adjusted adsorption control can be applied to the robot.

As shown in Fig. 10, self-adjusted adsorption control was
applied to the aircraft skin inspection robot when the pressure
difference in the suction cup was —6.5, —13, —14.3 and
—17 KPa. The sucker deformations are shown in Fig. 10.

The LSSVR algorithm was used with the experimental data
to establish a mathematical model for the relation between the
duty cycle of the PWM signal and the suction cup pressure
difference. The suction cup pressure difference was the input
value of the LSSVR model, and the duty cycle of the PWM
signal was the output value. The sample data were divided
into nine sets of training samples and six sets of predicting
samples. The value of duty cycle d and pressure difference

p1/kpa

p1/kpa

plkpa

p1/kpa

o 3.2 6.4 9.6 12.8 16 19.2 22.4 25.6

(c) Deformation at —14.3 KPa (d) Deformation at —17 KPa

Fig. 10. Sucker deformation at different pressures.

p were normalized to [0, 1] and [—1, 0], respectively. In
terms of cross validation, penalty factor C was determined
tobe 1,and y=2.8 . The training result is shown in Fig. 11, in
which the x-axis is pressure difference p , and the y-axis is the
value of duty cycle d. The MSE of the training samples is
0.0413 %, and the MSE of the predicting samples is 0.068 %.
The MSEs of the training and predicting samples are small, so
the LSSVR model can be used to control the suction cup to
stably adsorb or release.

This suction cup control was applied to the aircraft skin in-
spection robot. When offset angle /S of the robot barycenter
changed, adsorption force F was adjusted to satisfy the need
to move and work on the surface of the aircraft. An arc-shaped
aluminum plate was used as the surface of aircraft, and the
received data on pressure in the suction cup were stored in the
memory of DSP. Owing to the relational expression of differ-
ential pressure and adsorption force, the pressure was con-
verted into adsorption force. The actual change in adsorption
force and the simulation curves are shown in Fig. 12, in which
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the x-axis is offset angle £, and the y-axis is adsorption force
F.

According to the self-adjusted adsorption control, the
change curves of pressure difference pl in the suction cup
when the aircraft skin inspection robot moves from g =40°
to f=60° or from S=64° to B =85° are shown in Fig.
13. When the suction cup adheres to the fuselage completely,
the range of the pressure difference is +1.5 KPa, and the
robot can stably move on the aircraft.

As shown in Fig. 14, the aircraft skin inspection robot with
double frames releases the suction cups of the outer frame to
move on the fuselage.

As shown in Fig. 9, the adsorption time of the suction cup
was approximately 1.6 s, and with the increase in the duty
cycle, the difference in pressure decreased evidently. There-
fore, the LSSVR algorithm can be applied to establish a
mathematical model effectively. When the pressure difference
in the suction cup was constant, the actual value of the adsorp-
tion force was larger than the minimum adsorption force
Fmin in the same barycenter angle (Fig. 12). Hence, the robot
could work safely. The adsorption force could be adjusted
with the change in the robot barycenter angle (Fig. 13), and
the release time of the suction cup was shortened. As shown in
Fig. 14, the aircraft skin inspection robot could move on the
fuselage stably with the use of the designed pneumatic system.
The experimental results verified the effectiveness of the ad-
sorption force control strategy for the aircraft skin inspection
robot.

p1/KPa

192 256 32
t/s

(a) Pressure changes from f=40 to £=60

384 448 512

p1/KPa

(b) Pressure changes from £ =64° to f=85°

Fig. 13. Changes in pressure difference in the sucker.

(b) Release of suction cups on the outer frame

Fig. 14. Movement of the aircraft skin inspection robot on the fuselage.

6. Conclusions

A self-adjusted adsorption strategy was designed in this
work to resolve the problem of adsorption stability of an air-
craft skin inspection robot on the surface of an aircraft. When
the robot moved on the fuselage, the offset angle range of the
robot barycenter was from f=40° to F=60° or from
p=64° to [ =85°. The adsorption force could be adjusted
to improve the flexibility of robot movement. Performance
analysis of the pneumatic system showed satisfactory results
on the adsorption stability of the robot with the self-adjusted
adsorption strategy, which could reduce the jitter of the robot.
The stable movement allowed the robot to easily adapt to the
curvature of the fuselage.
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The optimal adsorption condition of the aircraft skin inspec-
tion robot was determined based on a simulation analysis of a
static model. The actual change in adsorption force with dif-
ferent offset angles was examined. The experimental results
indicated that the actual adsorption force was greater than or
equal to the optimal adsorption force, which could ensure that
the robot moved safely on the aircraft. Therefore, the self-
adjusted adsorption strategy can be applied to aircraft skin
inspection robots.
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