
Abstract—A shape-shifting robot "AMOEBA-I" has diverse 
configurations, and the accessibility of the robot can be 
reinforced in the narrow space by changing the configurations. 
In this paper, a path planning method is presented 
corresponding to the unique reconfiguration ability of this robot. 
This method can automatically adjust the relation between the 
rapid movement and the secure mobile position of the robot 
based on the distribution of obstacles that are around the robot, 
and this method can also automatically select an appropriate 
configuration to adapt the robot to the environmental variation 
according to the information of the current conditions. The 
problem of deadlock is avoided by using the Boundary Following.
Further, a Reconfiguration Memory is provided to optimize the 
trace of the Boundary Following, and it can help the robot to 
search a new path. Simulation results validated the advantage of 
the proposed method which can get the best out of the unique 
accessibility of the shape-shifting robot and reduced effectively 
the length of the robot traveling path. 

I. INTRODUCTION

ISASTERS happen frequently for the reason of 
earthquake, terrorist activities, and so on. If survivors 

can be searched and received duly treatment after the disaster 
occurred within 24 hours, the survival rate will be higher. 
Therefore, the rescue activities should be started quickly. 
Robots can effectively help people deal with affairs in the 
dangerous environment, and they can reduce kinds of risks 
that the associated personnel might suffer. A shape-shifting 
robot with automatic reconfiguration ability can complete the 
search and rescue task by changing the configurations to 
adapt to the dangerous, unknown and non-structural 
environment. Therefore, the foreground of shape-shifting 
robot has attracted a lot of researches. 

One of the interested research topics in this area is path 
planning, which determines whether a robot can achieve 
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designated tasks in time in the complex environment. All path 
planning approaches aim to find a barrier-free path from an 
actual position S of a controlled robot to a desired goal 
position G [1].   

Two main approaches for solving the path planning 
problem are global and local methods. The global methods 
need complete information of the environment and they are 
based on a global representation. Examples of this approach 
are the grid of visits [2], the visibility graph [3], the 
behavior-based models [4], the ant colony algorithm [5] and 
the genetic algorithm [6, 7], etc. 

On the other hand, the local path planners use only the 
local information in a purely reactive manner. Different 
methods are used to choose the next action according to the 
local environment: the bug algorithm [8], the fuzzy logic [9], 
the artificial potential field method [10] and the 
behavior-based models [11], etc.  

For the need of disaster relief, AMOEBA-I [12, 13] is 
designed, which is a three-module shape-shifting robot. 
According to the characteristic of automatic reconfiguration, 
the shape-shifting robot can be considered as one that holds 
the reconfiguration ability to strengthen the accessibility. In 
this paper, we present a new path planning method that uses 
the reconfiguration ability of robot. The unique accessibility 
of shape-shifting robot is fully displayed. The deadlock 
condition is resolved by using the Boundary Following.
Experiment results show that the robot can change its own 
configuration to adapt to current environment, and the 
reconfiguration situation is stored through the 
Reconfiguration Memory. Thus, the proposed method can 
effectively reduce the Boundary Following and shorten the 
length of the path. 

II. THE SHAPE-SHIFTING ROBOT SYSTEM

Module A

Module B

Module C

Pitch joint 1 Pitch joint 2

Yaw joint 1

Yaw joint 2

Control platform

Laser range sensor

Infrared waterproof camera

Anti-noise-type pickup

Fig. 1. A three-module shape-shifting robot, AMOEBA-I
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The shape-shifting robot is a link-type structure with three 
modules. This kind of link-type robot can automatically 
change configuration to pose various kinds of symmetry 
configurations and trim configurations, especially being in 
line or in row. The platform AMOEBA-I is showed in Fig. 1. 
An infrared waterproof camera, an anti-noise-type pickup, a 
laser range sensor, an electron compass, a GPS and an 
inclinometer are located on the control platform. 

AMOEBA-I has nine kinds of configurations, and each 
kind of configuration has its own advantages. Fig. 2 shows 
two representative configurations.  

Configuration “T”                     Configuration “d”                     
Fig. 2. Two representative configurations of the shape-shifting robot 

III. COLLISION-FREE PATH PLANNING

In the path planning, how to effectively use the appreciable 
surrounding environment information is crucial to find a path 
satisfying certain requirements. The proposed path planning 
method is a kind of optimization algorithm. It can find a better 
path according to the optimal function, and it can 
automatically adjust oneself corresponding to the number of 
obstacles in surrounding environment. Thus, the method can 
enable the robot to quickly and safely reach target point by 
using less power consumption. 
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Fig.3. State transition diagram of the collision-free path planning 
As shown in Fig. 3 the proposed method is composed of 

four states: Reaching The Goal, Boundary Following,
Accessibility to Narrow Space, Reconfiguration Memory. In 
the unknown environment algorithm is first carried out from 
Goal Touching. When the deadlock occurs Boundary
Following is implemented. Here DL is the abbreviation for 
deadlock. After Reaching The Goal or Boundary Following is
implemented, Accessibility to Narrow Space will be executed 
if the environment varies. Here EV means environmental 
variation, RE means reconfiguration end. When the 
Accessibility to Narrow Space is implemented, the 
corresponding configuration is stored in Reconfiguration 

Memory. The Reconfiguration Memory will affect the change 
of goal position. Here dP is the distance between the local 
deadlock position and Pmi, drn is the distance between the 
robot and new target. l and are two coefficients. 

A. Reaching The Goal 
The candidate position of the robot is formulated as: 

1( )i ix k q t x                             (1) 
Where xi(k) is kth candidate position, k=1, 2, …, c3; and tx
can be written in polar coordinates form as follows: 

k

t x                                       (2) 

Where 

1 1 2 1min min (2 1)i j i jc q p c q p rand

1
3 4

2
(2 1)k k rand

c c
 is adaptation factor, as shown in Fig. 4. The closest 

sensory measurement is used from the obstacle surface. In the 
detection area of sensors, obstacles are scanned by sensor 
every certain angle. Let the detected points on the outline of 
obstacles be pj(j=1, 2, …, n). min|qi-1 pj| is the minimum 
distance between the robot center point and detected obstacle 
point. The proportional coefficient c1 decides the basic length 
of adaptation factor , its value affects the calculation cost of 
the whole path planning algorithm. For considering the 
sensor errors in a real environment, a disturbance coefficient 
c2 is introduced for adaptation factor . k decides position of 
xi(k), and it starts with forward direction of the robot in 
position qi-1 in order to increase the probability of existence of 
the candidate position in the forward direction of robot, as 
shown in Fig. 4. c3 determines the number of candidate 
position, c4 is a disturbance coefficient of position. rand is 
random number within (0, 1). 
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Fig. 4. Robot position determination 
In order to ensure the robot can accurately reach the target 

position, adaptation factor is subject to the following 
constraints: 

goal 1min( , | |)ix q                       (3) 

Where |xgoal qi-1| is distance between robot’s position qi-1 and
target position xgoal.
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After determining the c3 candidate positions, the xi(k)pj

represents a line segment between the point xi(k) and point pi,
and ri is the intersections of line segment xi(k)pj and RX. The 
rectangle RX whose length and width is determined by robot’s 
current configuration represents the robot’s simplified shape, 
as shown in Fig. 4. dXk (j) (j=1, 2, …, n) is distance between 
point rj and point pj, and has been arranged from ascending 
order.

X X X( ) | | ( ) ( 1)k j j k kd j r p d j d j   (4) 

If dXk(1)<ds, the corresponding candidate position xi(k) will 
be abolished the candidate qualification (ds is a safe distance). 

In order to determine the forecast position qi of the robot in 
the remaining m candidate positions, here an optimization 
function is defined as: 

goal2

1
min( ( ))

1 k

f K d k
D

 (k=1,2,…,m) (5) 

Where K is distance factor, it affects the distance between 
robot and obstacles. Dk=dXk(1). dgoal(k) is the distance 
between candidate position xi(k) and target position xgoal.

goal goal( ) | ( ) |d k x k xi       (k=1,2,…,m)  (6) 

The robot’s forecast position is formulated as: 
1

( ( )) ( )
2i iq f x k rand                   (7) 

Where f(xi(k)) shows that the optimal position is obtained by 
optimization function f in candidate positions. rand is random 
interference within [0, 1]. 

B. Accessibility to Narrow Space 
So far, the method can assure that the fixed-shape robot can 

complete the path planning task according to the 
requirements. Here we consider the shape-shifting robot how 
to pass through narrow space by using the advantage of the 
reconfiguration. It will complete the task which can not be 
completed by the fixed-shape robot. 
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(a)                                         (b) 
Fig. 5. Situation of passing through the narrow space 

Taking transformation between configuration “T” and 
configuration “d” for example, if the robot can pass through 
the narrow space by reconfiguration, two situations may 
happen in this candidate position shown in Fig. 5. One is the 
robot’s shape near the obstacles and there are no obstacles in 
region Ad, as shown in Fig. 5(a). The other is the robot’s 

shape and the shape of obstacles overlap, and there are no 
obstacles in region Ad, as shown in Fig. 5(b). The length and 
the width of the region Ad are defined as: 

d

d

A s

A

l l d
b b

                                 (8) 

Where ld and bd are the length and the width of configuration 
“d” respectively. 

In both cases of Fig. 5 the robot can pass through the 
narrow space by reconfiguration, so the corresponding 
reconfiguration constraints as follows: 

1. if XL (1)<k sd d  and XR (1)<  k sd d then

2. if YL YR(1) (1)k k sd d d  and L R d{ , }i ip p A then

YL YR
1 ( (1) (1))
2k k kD d d

3. else
4. The candidate qualification of the candidate position xi(k)

is abolished. 
5. end
6. end
In reconfiguration constraint, subscript X of dXLk(1) and 

dXRk(1) is the current configuration of the robot, subscript Y 
of dYLk(1) and dYRk(1) is the desired configuration of the robot. 
In Fig. 5 the shape-shifting robot changes configuration from 
configuration “T” to configuration “d”, so subscript X shows 
configuration “T” and subscript Y shows configuration “d”. 
According to (5), if the candidate position is identified as the 
forecast position qi, the robot changes configuration in 
position qi-1. When dYLk(1) ds and dYRk(1) bd, the robot will 
change back to the original configuration. 

C. Boundary Following 

Fig. 6. The deadlock condition in path planning 
An obvious phenomenon, which the robot falls into the 

deadlock, is that the direction of robot movement 
dramatically changes times without number, as shown in Fig. 
6. The method for solving deadlock is as following: 

Step 1: Judging the existence of the deadlock  
The interval of robot’s direction angle between in position

qi-1 and in position qi is supposed as t. The robot falls into 
a deadlock if t , as shown in Fig. 7(a). The current value 
Dblock of the distance function between deadlock position qi-1

and target position G is recorded. The value Dblock decides the 
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start and stop, that the robot follows the boundary of the 
obstacle.

Step 2: Method of escaping 
After the deadlock situation is confirmed, the interval of 

the robot’s direction angle is limited in t [ , ], 
supposing =100o in all experiments. A tracking distance dfo

between the robot and the boundary of obstacles is defined. In 
the position qi-1, if the minimum distance dro(i-1) between the 
robot and the boundary of obstacles is kept in [Dfo+ Dfo ], 
there is dfo=dro(i-1), otherwise there is dfo=Dfo. Dfo is normal 
tracking distance between the robot and the boundary of 
obstacles,  is a small number which it allows the normal 
tracking distance varies in a small range. Therefore, the robot 
motion is reduced for searching appropriate tracking distance 
dfo, and  must satisfy a constraint Dfo ds.

In the range of t [ , ], a candidate position xi(k)
with min|dro(i)(k) dfo| is found as the forecast position qi.
dro(i)(k) is the minimum distance between the robot and the 
boundary of  obstacles in the candidate position xi(k). If there 
are several equivalent minimum values, a candidate position 
which minimizes the t is selected as the forecast position 
qi, which is shown in Fig. 7(b). 

When the robot is circumventing the blocking obstacles, 
the distance DrG between the current position of the robot and 
the target position is constantly calculated until a point, which 
is closer to the target than the deadlock position, can be found. 
At that time, the DrG is less than Dblock and the algorithm 
considers that the escape of the deadlock situation has been 
completed. 
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Fig. 7. Deadlock situation and boundary following 

D. Reconfiguration Memory 
The Reconfiguration Memory of the shape-shifting robot is 

that the situation, which the robot uses reconfiguration, is 
recorded according to the reconfiguration ability of the robot 

and the environmental characteristics when the robot 
encounters the narrow space. Taking the reconfiguration 
position as the circle center, if the deadlock situation occurs 
in a specified range, the robot can quickly return to this 
position to effectively escape from the deadlock region, and 
find a new path. 

Taking two kinds of classical configurations for example, 
we mark the configuration of the robot with the binary code: 
the binary code of configuration “T” is 00, and the binary 
code of configuration “d” is 01. The storage table of the 
Reconfiguration Memory mei of the robot is shown in table I. 
In the Reconfiguration Memory, Pmi stores the corresponding 
reconfiguration position. Cmi stores the required 
configuration which the robot passes through the narrow 
space. mi stores the reconfiguration evaluation, which 
decides the robot whether to take reconfiguration. 

TABLE I
RECONFIGURATION MEMORY OF ROBOT

me1 … mei

Pm1 Cm1 m1 … Pmi Cmi mi

(x1, y1) 01 1/0 … (xi, yi) 01 1/0 

When the shape-shifting robot encounters local deadlock 
situation, the escape rules of the robot is as follows: 
1) When the distance between the local deadlock position 

and Pmi is less than l, Pmi is used as a new target position 
if there is Reconfiguration Memory. The target changes 
into the initial target G when the distance between the 
robot and new target is less than . If a local deadlock 
position is encountered without the Reconfiguration 
Memory before the robot reaches the new target. After 
the robot reaches the new target the reconfiguration 
evaluation mi=1, otherwise mi=0.

2) After the target changes into initial target G, the robot 
does not reconfiguration but chooses the other path if 

mi=1. Before the new Reconfiguration Memory is not 
stored, the path planning is done by using the Boundary
Following method when the local deadlock situation is 
encountered. 

IV. SIMULATIONS

Start

Goal

Fig. 8. Robot’s passing through the narrow space by reconfiguration 
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In Fig.8, the proposed method can automatically adjust 
adaptation factor  according to the intensity of robot’s 
surrounding obstacles in path planning. When surrounding 
obstacles of the robot becomes more intensive, the forward 
distance planned by the algorithm at each time becomes 
smaller. And candidate positions automatically become 
intensive to ensure own security of the robot. When there are 
fewer obstacles around the robot, the forward distance 
planned by the algorithm at each time becomes larger. So the 
number of iterations may be reduced and the time of path 
planning is shortened to improve the planning efficiency. In 
addition, by using this method, the distance between the robot 
and obstacles can be maintained larger than the safe distance. 
The robot can pass through from the middle position when 
the distance between the two obstacles is small. It can also 
find the narrower space and change the configuration to pass 
through, so the adaptability of the method is displayed. 

Start

Goal
A

B

(a)

Goal

Start

(b) 
Fig. 9. Comparison of two kinds of robot path planning 

In Fig. 9(a), the shape-shifting robot is confined to the 
configuration “T”, thus it degenerates to a fixed-shape robot 
and can not change its shape to adapt to the environment. In 
path planning, the deadlock situation occurs at the point A. 
The robot can successfully circumvent the blocking obstacles 
by using the Boundary Following method. When a point B, 
which satisfies that dBG is less than Dblock, is found, the robot 
finishes the Boundary Following of obstacles.  

In Fig. 9(b) the shape-shifting robot with the 
reconfiguration ability can change its own configuration to 
pass through the narrower space according to the 
environmental variation, so the Boundary Following of 
obstacles is avoided and the length of path is reduced 
effectively. Finally, the shape-shifting robot successfully 
completes the path planning.
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Fig. 10. Solving deadlock situation in path planning 

The path planning is done by integrating the adaptive 
reconfiguration of the robot and the solution of the deadlock 
situation in Fig. 10(a). The robot can not only change 
configuration according to environmental variation, but also 
solve the deadlock situation. Fig. 10(b) shows the distance 
function between the position of the robot and the target 
position in the whole process of the path planning.  

In Fig. 10(a) the robot with the reconfiguration ability can 
reach the target position if the target position is the point A, 
while the fixed-shape robot can not reach this position. 
Therefore, by using the proposed method, the shape-shifting 
robot can completes the task, which the fixed-shape robot can 
not complete. 

As shown in Fig. 10(a), after the robot changes the 
configuration to pass through the narrow space at the point C, 
the deadlock situation occurred at the point A and the 
distance between the point A and the point C is in a specified 
range. After the robot chooses the reconfiguration in the 
reconfiguration position, we use the Reconfiguration Memory
to resolve such problems if the deadlock situation occurs in a 
specified range. The robot can quickly escape from the 
deadlock region by using this method, so unnecessary trouble 
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is reduced and the benefits, which the robot gets shorter path 
length, are possibly displayed.  
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Fig. 11. The escape of deadlock according to reconfiguration memory 
Based on the above analysis, a new path planning method 

with the Reconfiguration Memory is implemented. As shown 
in Fig. 11(a), the deadlock situation occurs after the robot 
changes the configuration to pass through the narrow space. 
The distance between the local deadlock position and the 
reconfiguration position is less than l (l=5m), so the 
constraint of the Reconfiguration Memory is satisfied. The 
robot takes the reconfiguration position C as the new target 
position. When the robot reaches the position C, the 
reconfiguration evaluation 1 is set as 1 and the target changes 
into original target G. Therefore, the robot does not choose 
reconfiguration here but selects the Boundary Following.
Finally, the robot reaches the target successfully. 

By comparing Fig. 10(a) with Fig. 11(a), when the 
deadlock situation occurs the robot quickly returns to the 
position of the Reconfiguration Memory, after there is the 
function of the Reconfiguration Memory in the algorithm. So 
unnecessary Boundary Following is reduced.

V. CONCLUSION

According to the characteristics of the shape-shifting robot, 
we present an effective path planning method. This method 
can automatically adjust the moving strategy according to the 
distribution of obstacles that are around the robot. If there are 
fewer obstacles around the robot, the method focuses on the 
rapid movement of the robot. Otherwise, the method focuses 
on finding a secure mobile position for the robot, when 

surrounding obstacles become more intensive. By using the 
Boundary Following and evaluating the distance between the 
robot and the target, the deadlock condition is avoided. In the 
face of a narrow space, the proposed method can utilize the 
reconfiguration ability of the robot to ensure the robot pass 
through the narrow space by changing configuration 
automatically, and the reconfiguration situation is stored 
through the Reconfiguration Memory. Therefore, this method 
can reduce the Boundary Following and shorten the length of 
the path, and the unique accessibility of the shape-shifting 
robot is displayed. Finally, the validation of the proposed path 
planning method for the shape-shifting robot is demonstrated 
by simulations.
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