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Abstract: Path planning is indispensable in performing the inspection task using continuum robot in the 
environment like aircraft fuel tank. In order to obtain the optimal path and make it feasible for the robot 
traversal, a path planning strategy based on region division is put forward. The aircraft fuel tank is divided into 
several regions and mapped to a two-dimension plane by using dimension reduction which can reduce 
computation complexity. Three numerical methods are proposed in terms of different regions where the target 
point locates, and the shortest telescopic distance of the inspection robot can be solved. With bending and 
rotating of the inspection robot, the three methods ensure arbitrary point in the single cabin can be achieved. 
Simulation experiments are implemented on Matlab, and the accuracy, the effectiveness and feasibility of the 
algorithm are verified. Copyright © 2014 IFSA Publishing, S. L. 
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1. Introduction 
 

In recent years, aircraft fuel tank inspection in the 
process of aircraft maintenance was usually carried 
on manually. There are two effective methods: stress 
bearing [1] and blowing [2]. However, as the inner of 
fuel tank is usually immersed in oil for a long time, 
the density of toxic gas is very high, and neither of 
these two methods is safe enough. Therefore, manual 
inspection is in high risk. A novel continuum robot 
was designed to inspecting it instead of crews. 

In 1999, Robinson et al. put forward the 
conception of ‘Continuum Robot’ [3]. Unlike discrete 
robot, the continuum robot is ‘invertebrate’, and it 
could change its shape supplely and flexibly. The 
continuum robot with hyper-redundant freedom has a 
stronger adaption to the environment with strict 

spatial constraints like aircraft fuel tank. Continuum 
robots have received enormous study by researchers 
of various countries for the past decades. Simaan 
developed a cable-driven continuum robot to assist 
the minimally invasive surgery of throat [4-5]. The 
dynamic model was built on the basis of differential 
method, and it was complex. Walker et al. developed 
Air-Octor which maintained its shape by air pressure, 
and used modified D-H approach to analyze 
kinematics, but the results were not intuitive [6]. 
Chen et al. designed a continuum device Colobot and 
presented shape detection algorithm based on a three-
dimensional model of outline reconstituted  
objects [7-8]. Choi et al. developed an endoscope 
robot supported by stings and driven by ropes [9]. Hu 
Haiyan et al. developed an endoscope robot driven by 
ropes, and the motors were set outside [10]. The 
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robot dynamitic model was built based on 
geometrical analysis. Combined the mathematical 
model of intestinal tract, Newton method was used to 
calculate the joint angle, but neither time complexity 
nor control effect of multi-joint was satisfactory. Gao 
Qingji et al. proposed a path planning method for 
continuum robots based on target guided angle, 
compared to blind search, iterative times was 
decreased greatly [11]. However, the calculation was 
difficult due to the uncertainty of the number of bend 
joints. 

Because of the complexity of inner environment 
and narrow space of aircraft fuel tank, the feasibility 
of the planning path is determined by the constraints 
of paths directly. So it is necessary to build aircraft 
fuel tank model and analyze the constrained 
relationship. 

The structure of this paper is as follows. Section 2 
presents the kinematic analysis of the continuum 
robot and section 3 details the main methods of 
region division strategy. Analysis of simulation 
results follows in section 4, and the conclusions are 
summarized in section 5. 
 
 
2. Kinematics Analysis 
 
2.1. Structure of Aircraft Fuel Tank 
 

As shown in Fig. 1, the aircraft fuel tank 
inspection robot is made up of telescopic mechanism 
and ‘snake arm’ mechanism. The ‘snake arm’ can be 
lift by using translation telescopic mechanism. The 
‘snake arm’ mechanism consists of a snake head, a 
trunk and a snake tail. A micro camera is installed on 
the snake head for convenient observation, and any 
point in the tank can be observed through the motion 
of aircraft fuel tank inspection robot. 
 
 

 
 

Fig. 1. Structure of aircraft fuel tank inspection robot. 
 
 
2.2. Kinematics Analysis of a Single Joint 
 

Achieved by bending and rotating of a single 
joint, an approach based on geometrical analysis is 
put forward to search a target point in a three-
dimensional space. As shown in Fig. 2, the motion 
model of a single joint is built to ensure the 

relationship between the location of the target point 
and the motion of a single joint. The homogeneous 
transforming matrix T is used to describe the 
relationship between the posture and relative location 
of a given point [11]. 
 
 

 
 

Fig. 2. Kinematics diagram of single joint. 
 
 

3. Methodology 
 
3.1. Dimension Reduction 
 

A feasible planning path is determined by fuel 
tank environment directly. A single cabin path 
planning is designed to achieve a feasible path from 
the aircraft fuel tank access panel to arbitrary point in 
the tank. Dimensions can be reduced by transforming 
a 3D space planning into a 2D plane planning. As 
shown in Fig. 3, a reference plane which determined 
by the target point is perpendicular to aircraft fuel 
tank access panel and it is coincident with Z axis. 
Each point in the single cabin can be defined on the 
reference plane by reducing dimension. Transforming 
space motion into plane motion can reduce the time 
complexity. 
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Fig. 3. Structure schematic of dimension reduction. 
 
 
3.2. The Strategy of Region Division 
 

On the basis of kinematics analysis [9], three 
numerical methods can be generated according to the 
region which is determined by a given target point. 
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A single cabin is mapped to a 2D plane using 
dimension reduction, and several regions are obtained 
by region division. Two situations are presented in 
terms of different locations of the given target points: 

1) When (n=1,2,…,7), fn is set between f(n-1)n and 
f(n+1)n and the bend schematic of multiple joints (e.g., 
three joints) in a two-dimensional plane is shown in 
Fig. 4. 

 
 

 
 

Fig. 4. Bend schematic when 7n  . 
 
 

2) When n≥8,  fn(n+1) is valued between f(n-1)n and 
fn, and the bend schematic of multiple joints (e.g., 
three joints) in a 2D plane is shown in Fig. 5. 

 
 

 
 

Fig. 5. Bend schematic when 8n  . 
 
 

If the target point is in the region where n<8, a 
method that each joint bends at the same angle is 
adopted. The search method is given as follows: 
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where (xG, yG, zG) are the coordinates of the target 
point, (Rx, Rz) are the coordinates in reference plane, 

 is the bending angle, m is the number of joints 

needed, l is the length of a single joint, z is the 
difference between the two longitudinal coordinates, 
that is, the distance the telescopic mechanism moves 
vertically. The region which is a good representation 
of all regions in this case where n<8 is chosen to 
explain. The region where the target point locates is 
determined by (2). 
 

 2 2
1n G G nf x y f    , (2) 

 
Then, the following numerical methods can be 

generated, and the shortest telescopic distance can be 
calculated through the three numerical methods: 
Numerical Method I: 

If the target point is in the slit zones 

 
2 2

1+n G G n nf x y f    (The region satisfying this 

formula is called 'slit zones', which are shown  
in Fig. 4), and there are two cases:  

a) 1G nz z  ;  

b) 1n k G n kz z z    (k=1, 2, 3…). 

As shown in Fig. 6, zn is the ordinate value of the 
point on the n# joint terminal bend curve, which has 
the same abscissa as the target point. 
 
 

 
 

Fig. 6. Schematic diagram of values on Z axis. 
 
 

The distance that the driving mechanism needs to 
rise or drop can be calculated through these 
relationships:  

1) If the case (a) is satisfied, the distance driving 
mechanism translates in the vertical direction is given 
as (3): 
 

 1n Gz z z   , (3) 
 

2) If the case (b) is satisfied, the distance driving 
mechanism translates in the vertical direction is given 
as (4): 
 

  1 2min ,z z z    , (4) 

 
where 1 1n k Gz z z    , 2 n k Gz z z   . 
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Numerical Method II: 

If  
2 2

11 G G nn nf x y f     , there are two cases: 

c) ( 1)maxG nz z  ;  

d) 1n k G n kz z z    (k=1, 2, 3…). 

The distance that the driving mechanism needs to 
rise or drop can be calculated through these 
relationships, namely:  

1) If the case (c) is satisfied, the distance driving 
mechanism translates in the vertical direction is given 
as (5): 
 

  1 2min ,z z z    , (5) 

 

where 1 ( 1)maxn Gz z z   , 2 ( 1)minn Gz z z   . 

2) If the case (d) is satisfied, the distance driving 
mechanism translates in the vertical direction is given 
as (6) : 
 

  1 2min ,z z z    , (6) 

 
where 1 1n k Gz z z    , 2 n k Gz z z   . 

Because the vertical direction distance z is 
limited by tank access panel, unreachable areas exist 
in silt zones, and the micro camera is needed for a 
long-range observation. 

If a given target point G (xG, yG, zG) is in the 
region where n>7, multi-joint model will change, and 
the vertical direction distance z is restricted by 
aircraft fuel tank height. In terms of the situation, trial 
and error method is used in the proposed path 
planning method, which generates a numerical 
method─Numerical Method III. 

To increase the accessibility of the horizontal 
direction, an initial pose whose forward direction is 
in the horizontal is needed. Considering restrictions 
from both the top and the bottom of the tank, roughly 
the same distances are needed from its distal joint to 
the top and the bottom. Therefore, the first three 
joints are designed to bend π/6 respectively, for the 
height is approximately half of the height of the 
aircraft fuel tank. The distance dmar from tank 
boundary to the end of num# joint mapped on a 2D 
plane can be given as (7). 
 

 2 2
32 2

3
G G

mar G G

x y f
d x y f l

l

  
     
  

, (7) 

 
Considering restrictions from the fuel tank 

boundary, the farthest point on the fuel tank boundary 
is chosen as the limiting condition. As shown in  
Fig. 8, in order to avoid the path forming as curve A, 
the formula (8) should be satisfied. 
 

 ( 1) / ( / 2)mard bend l l bend     , (8) 
 

where, bend is the minimum number of terminal 
bending joints used to search the target point. And 

bend is confirmed as 3 through calculation. The 
proper path B is shown in Fig. 7. 
 
 

 
 

Fig. 7. Paths considering tank boundary. 
 
 

The number of the straight joints str can be 
calculated through the target point, which can be 
gotten as (9), and the joints needed m is given  
as (10): 
 

  2 2
3

( 1)
G Gx y f

str bend
l

   
   
 
 

, (9) 

 
 6m str  , (10) 

 
As mentioned before, the first three joints are 

used to extend horizontally, leaving a margin of three 
joints to perform a search in the spatial extent. The 
method is the same as that used in the region where 
n<8. And the schematic map of one of paths using 
numerical method III is shown in Fig. 8. 
 
 

 
 

Fig. 8. Schematic map of a path (when 8n  ). 
 
 

4. Simulation and Analysis 
 

To verify the feasibility and efficiency of the 
proposed algorithm, simulation experiments have 
been carried out using Matlab. The size of the tank is 
361.7 cm × 97 cm × 86 cm (Length × Width × 
Height). The length of a single joint is 25 cm, the 
range of bending angle is  0,  , and the range of 

rotation angle is  0,2  .  
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Select three target points randomly, path planning 
using blind search and region division search, the 
results of search path and computing time are shown 
in Table 1. 
 
 

Table 1. Time comparison of two methods. 
 

No. Target point 
Time  
using 

blind search/s 

Time using  
region division/s 

1# (30, 30, 30) 52.333 0.208 

2# (42, 12, 26) 54.211 0.206 

3# (17, 26, 35) 61.826 0.156 
 
 

Table 1 shows that, compared with the blind 
search, the time complexity of the novel algorithm 
based on region division strategy has a greater 
advantage. 

Eight vertices of the tank and another arbitrary 
point in the tank are chosen for the target point 
simulation. Rotation angles, bending angles, 
descending distances and the number of joints are 
shown in Table 2. 

Table 2 shows that the rotation angle and bending 
angle, the descending distance and the number of 

joints required are unique to reach any given target 
point of the tank. 

In terms of different target points in the aircraft 
fuel tank, the algorithm based on region division can 
figure out the planned path. Effectiveness and 
practicality of the algorithm are demonstrated by 
experimental results. 

A diagram of nine paths of the representative 
target points in the tank is shown in Fig. 9. The figure 
shows that for any target point in aircraft fuel tank, a 
feasible path can be obtained through the path 
planning algorithm based on region division strategy. 
 
 

 
 

Fig. 9. Path planning of representative nine target points. 
 
 

Table 2. Parameters of planned paths. 
 

No
. 

Target point 
Numeri

cal 
method 

Rotation  
angle ϕ 

(°) 

Bending 
Angle θ 

(°) 

Descending 
distance 

(cm) 

Number of 
joints needed 

1# (-60, 42.5, 0) II 144.7 128.8 7.4 5 

2# (-60, -43.5, 0) II 215.9 127.5 7.7 5 

3# (-60, -43.5, 97) I 215.9 80.2 -9.0 5 

4# (-60, 42.5, 97) III 144.7 79.1 -9.0 14 

5# (301.7 , -43.5 ,0) III 8.02 71.7 6.6 14 

6# (301.7, 42.5, 0) III -81.0 71.4 6.8 14 

7# (301.7, -43.5, 97) III -81.0 -71.4 -8.3 14 

8# (301.7, 42.5, 97) III 8.0 -71.4 -8.1 14 

9# (60, 23, 75) I 21.0 91.4 -12.3 4 

 
 

5. Conclusions 
 

The purpose of this paper is to find a proper path 
for aircraft fuel tank inspection robot. After basic 
analyses of kinematics [9], an aircraft fuel tank 
inspection robot path planning algorithm is presented 
based on region division strategy. Three regions are 
divided because of different bend schematics of 
target points. Three corresponding numerical 
methods are put forward in terms of different regions. 
The shortest telescopic distance can be obtained, and 
arbitrary point in the aircraft fuel tank can be 
reached. Finally, the feasibility and effectiveness of 
the algorithm are verified by Matlab simulation. 
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