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1.  INTRODUCTION
The scope of the current work is to design and develop a 

fireproof fire fighting surveillance robot that can traverse into 
fire environment and send information about the fire behaviour 
and the location of people trapped in these hazardous areas. 
When a fire breaks out in an industrial environment or a house 
fire environment, it takes approximately 30 min to 40 min for 
the fire rescue team to reach the spot. Thus, the developed 
robot would help the fire rescue team to better understand the 
fire behaviour and trapped person in these hazardous areas. 
The proposed model is an amateur attempt at creating an 
autonomous fire proof rescue machine, aiding humans in fire 
and hazardous situations. When the fire breaks out in a building 
or any closed spaces, it is quite risky for humans to traverse 
through this hazardous situation, as one may get trapped in 
such closed spaces.

For the year 2009-2013, average fire accidents in the state 
of Tamilnadu, India has been accounted as 23000 resulting in 
property loss of about 30 crores (average). In such cases, an 
autonomous fire proof robot, designed on-board, can be very 
efficiently used for fire fighting. This robot can move around the 
place of fire captures the conditions around and give the exact 
situation of the place on fire. The robot accommodates a camera 

protected with fire proof glass on itself to send the rescuers the 
live information via video streaming to take proper action. An 
autonomous robot used in land navigation to detect the obstacle 
coming in its path was discussed1,2. Tok3, developed semi-
autonomous mobile robots for identifying the victims trapped 
in hazardous and fire bounded areas. The main function of such 
robots was to provide information about the path traversed by 
the robot. Further, kinematics, heat transfer calculation, and 
dynamic analysis were also done. Ruangpayoongrak4, et al. 
introduced a new algorithm that can calculate the distance of 
an obstacle from the sensor board based on (N*N) matrix and 
the transformation used was distance transform. Further, the 
constraint such as localisation, environmental conditions was 
also obtained from the algorithm. Survey on disaster prone 
areas was conducted extensively5,6.

 Further, these research works proposed a wireless sensor 
network to determine the human by an automatic system with 
the help of sensors and camera. Kinematic and dynamic analysis 
of skid steering wheeled mobile robot is presented7 and based 
on these equations, software analysis was performed. The 
model showed a significant improves in the dead reckoning 
performance of the robot. A model for performance time 
estimation for mobile robot motion based on the Robot Time 
and Motion (RTM) method is proposed8. Thatcher9, et al.  
developed operating and programming systems for modular 
robots with user defined protocols. A* algorithm to find the 
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optimum path for a mobile robot from a start location to goal 
location is demonstrated10. In this algorithm, the robot was 
assumed to be a point and obstacles were inserted to make robot 
find the best path towards goal. Matlab software was used to test 
the algorithm, which showed the proper implementation of the 
algorithm with different maps. The potential field algorithm is 
presented11, in which an artificial field was developed. Further, 
the obstacles induce a repulsive force against the robot and goal 
develops an attractive field towards the robot in the developed 
artificial field. The obstacles induce a repulsive force which was 
inversely proportional to the distances. The resultant potential 
was used to calculate the next move of the robot. Fuzzy logic 
method, which was a reactive planning technique just as the 
potential field is introduced12,13. The term reactive means that 
the next step of the robot was calculated using the immediate 
positions and the distances, without considering the future 
consequences of the moves. Rama Krishna & Sowmya Bala14, 
described fire fighting robot equipped with fire protection 
sensor to detect the human in the fire environment. The data is 
transferred through a wireless network from the victim to the 
rescue team.

Further Survey on the application of visual servoing in 
robot control and automatic control was elaborated15. General 
classification of the various servoing systems was explained, 
but the main focus was on the manipulator’s arm with a single 
camera with installed end effectors. Trajectory Tracking and 
path planning algorithms for mobile robots were discussed16,17. 
System architectures for mobile robots were explicitly 
addressed18-22. 

The developed fire fighting robot is a predominately 
outdoor ground-based mobile robotic system with on-board 
subdual systems that can traverse autonomously in the 
hazardous environment. Subdual systems mounted onto the 
robots include anti-fire monitors and a water fog system. 
The new system architecture is developed and based on this, 
a wireless connection to transmit information from sensors 
on-board the robot to the operator for assisting in navigation 
and fire suppression. Sensors on the robots include a thermal 
sensor, vision camera, IR cameras and range finders to assist in 
avoiding obstacles.

2.  RObOTICS MODULES
2.1 Choosing a Robotics platform

There are various robotic platforms available and each 
has its own advantages and disadvantages. Further, a tracked 
robot is preferred to wheeled robots because of its distinct 
advantages. The main advantages of tracked robots are high 
performance and optimised traction system.

2.2  Material for body and Insulation
The robot has to move inside a fire environment consisting 

of very high temperatures, ranging from 1000 to 2000 degree 
celsius. In order to make the robot approximately fire proof, 
it has to be shielded using a proper material as shown in  
Tables 1-3.

Table 1. Material properties.

Material Density Kg/m3 Thermal conductivity (W/m.K)
Fiber glass
<250 °C

14-100 0.04 at 20 °C

Rock wool
<700 °C

30-200 0.04 at 20 °C

Ceramic 
fiber paper

200 0.08 at 600 °C
0.10 at 800 °C
0.18 at 1000 °C

Table 2. Material for body I.

Material Tensile strength Compressive strength (MPa)
Aluminum 70-700 NA
Carbon steel 500 500
Iron 170 550
Copper 70-220 117-220

Table 3. Material for body II.

Material Melting conductivity 25 °C 
(W/m.K)

Density point  °C

Aluminum 660.3 2.7
Carbon steel 1425-1540 8.05
Iron 75 7.9
Copper 1085 8.9

3. SYSTEM DESIGN
The System architecture includes various subsystems and 

function of each subsystem is briefly described as follows:
•  computer system: controls all subsystems.
•  Power control system: Provides power to the system in a 

uniform manner.
•  Navigation system: Provides a plan to traverse in any 

environment with obstacle and collision detection.
•  communication system: The on-board   Pc communicates 

with the robot’s micro controller through serial ports.
•  Obstacle avoidance system: This system consists of 

sensors to detect the obstacle, and to make the information 
available to the computer system.

•  Environment detects system: This system fetches 
information about the environment through GPS.

4. MATHEMATICAL  MODELLING
4.1 Coordinate Identification using Trilateration

From the figure illustrated in Fig. 1.
2 2 2

1( )   ( ) ( )r x y= +                  (1)
2 2 2

2( )   ( - )  ( )r x d y= +                  (2)
2 2 2

3( )   ( - )  ( - )r x a y b= +                  (3)
Now condition is,

1 2 1( - )  ( )d r r d r< +                  (4)
Let us assume the values of d, r1, r2 as 5, 2 and 4, 

respectively.
• Each robot consists of three sensors and one radio 

frequency (RF) transceiver.
• Master robot emits RF pulse and sensor output which 

are received by the receiver unit of follower robot at a 
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particular time period.
• Three sensors are placed at positions A, B, and C.
• let A be the origin (0,0).
• Fix C and B at a distance d units from A in both X-axis 

and Y-axis respectively. Therefore coordinates of B is (d, 
0) and coordinates of C is (0, d).

• using Trilateration technique,
2 2 2

2 1 2 1( -  )   ( -  )A C A Cx x y y c+ =                  (5)

2 2 2
2 1 2 1( -  )   ( -  )A A A Ax x y y a+ =                  (6)

2 2 2
2 1 2 1( -  )   ( -  )A B A Bx x y y b+ =                  (7)

Coordinates of A is (0, 0) , B is (d, 0) and coordinates of i 
is (0, d). The new coordinate (x2A; y2A)

2 2 2

2
( - )

2 A
a d b x

d
+

=                  (8)

2 2 2

2
( - )

2 A
a d c y

d
+

=                  (9)

and similarly for 3D, (x2A; y2A; z2A) is given as:
2 2 2 2 2 2 2 2 2( - ) ( - ) ( - ), ,

2 2 2
a d b a d c a d e + + +

 
 

       (10)

4.2 Trilateration Technique in Matrix Form
2 2 2

1 1 1( -  )   ( -  )a ax x y y r+ =                (11)
2 2 2

2 2 2( -  )   ( -  )a ax x y y r+ =                (12)
2 2 2

3 3 3( -  )   ( -  )a ax x y y r+ =                (13)

Subtracting Eqn (11) : Eqn (13) and Eqn (12) : Eqn (13) 
and rearranging,

3 1 3 2

3 1 3 2

( -  ) ( -  )
( -  ) ( -  )

a

a

x x y y x
x x y y y

   
=   

   

2 2 2
3 1 13
2 2 2

3 2 23

( ) ( )
( ) ( )
r r d
r r d

 − +
 − + 

       (14)

Further, equation can be rearranged as,

( ) ( )
1

1

1

1

a
T T

a

a

x x
y y A A A B
z z

−
   
   =   
      

                                        (15)

4.3 Sample Calculation for Obstacle Avoidance
let (x1;y1) represent the position of the obstacle and (x0;y0) 

represent the position of the robot, ρ be the distance between 
the robot and the obstacle. To consider a point as an obstacle, it 
should satisfy both radial range and orientation angle criteria. 
The robot consists of three sensors in which two are mounted 
straight, and the third one is mounted in an inclined position.
(A)  The boundary conditions for obstacle identification 

sensing module is given as:
1.    rρ <

2. 1 2 1 3( - )    ( - )θ θ < ϕ < θ θ  - Right
3.  1 3 1 3( - )    ( )θ θ < ϕ < θ + θ - Front
4. 1 3 1 2( )    ( )θ + θ < ϕ < θ + θ - Left

(B)  Sample calculation, when,
1 2 3( , , )θ θ θ =(47, 23, 11.5) and if, ϕ  is 65, then,

24 65 35 invalid< < =                (16)
35.5 65 58 invalid< < =                (17)
58.5 65 70 left< < =                (18)
If, ϕ is 50, then,
24 50 35 invalid< < =                (19)
35.5 50 58 front< < =                (20)
58.5 50 70 invalid< < =                (21)
If, ϕ  is 30, then,
24 30 35 right< < =                (22)
35.5 30 58 invalid< < =                (23)
58.5 30 70 invalid< < =                (24)
hence, when 1 2 3( , , )θ θ θ =(47, 23, 11.5) and if, ϕ is 65,

1 3 1 2( )    ( )θ + θ < ϕ < θ + θ - Left
if, ϕ is 50, 1 3 1 3( - )    ( )θ θ < ϕ < θ + θ - Front
if, ϕ is 30, 1 2 1 3( - )    ( - )θ θ < ϕ < θ θ - Right 

4.3.1 Kinematical and Dynamic Model
The robot’s mass centre is at the body frame’s geometric 

centre. The two adjacent wheels rotate with equal speeds. All 
the four wheels keep constant ground contact. Kinematical 
and dynamic model are as shown in Figs. 2(a) and 2(b), 
respectively.
• Relationship equations for robot velocities in both the 

frames:

cos( ) sin( ) 0
sin( ) cos( ) 0

0 0 1

x

y

z

X v
Y v

w

 
  θ − θ   
     = θ θ     
        θ 
 







                             (25)

[X,Y] are the coordinates globally and [x,y] are the robot’s 

Figure 1. Trilateration technique.
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coordinates locally. vx;vy are linear velocities in body frame 
(local frame) and wz is the angular velocity.
•  Relationship equation for control inputs and speed of 

wheels:

( ) ( )
2 2

l r l r
x

r r v v
v

ω ∗ + ω ∗  + = =                (26)

( ) ( )
0

( )
2

l r
z

r r
y

− ω ∗ + ω ∗  ω =
∗

                                       (27)

l-left, r-right and y0 is the instantaneous tread instantaneous 
centres of rotation value.
• Instantaneous radius of the path curvature:

0
G l r

z r l

v v v
R y

v v
+

= = ∗
ω −

                                                   (28)

hence, Straight line motion, R = ∞ and Rotational motion, 
R = 0.
• Dynamic model equations2:

2( )
sing

xfr xrr xfl xrl x

m v
F F F F R

R
∗

+ + + = + ∗ β              (29)

2( )
cosg

yfr yrr yfl yrl

m v
F F F F

R
∗

+ + + = ∗ β                     (30)

0d rM M− =                                                                (31)

where, Fxfr; Fxrr; Fxfl; Fxrl are the forces in longitudinal direction. 
Fyfr; Fyrr; Fyfl; Fyrl are the forces in lateral direction. vg is the 
velocity of the vehicle, β is the angle between the velocity of 
the vehicle and x-axis of the local frame of reference. Rx is 
motion resistances on the four wheels acting externally. Md and 
Mr are the drive and resistance moments, respectively.
• Ground-wheel interaction, shear stress τss and shear 

displacement j can have relationship as written below :

1
j

K
ss p e

− 
τ = ∗µ ∗ − 

 
                                                  (32)

where p is the pressure applied normally, μ is the friction 
coefficient and K is the deformation shear modulus.

5.  VIRTUAL REALITY SIMULATION
5.1  V-REP Path Planning Module

A virtual environment has been created using VREP 
software for simulating the behaviour of mobile robots and 
their environment. The goal position is the human sitting on a 
chair. Figure 3 shows the snapshots of the V-REP simulation. 

After generating the environment, the simulation is made 
to run and the robot is made to traverse through the fire to reach 
the goal position. The direction of the robot is controlled by 
changing the left and right velocities of the caterpillar tracks. 
In the running simulation, the fire and smoke are also seen 
which are not visible when the simulation is stopped.

5.2 Path Planning Methods
5.2.1 V-REP Path Planning Module

The V-rep software has inbuilt path planning module, 
through which an optimum path for the starting and destination 
point is achieved. An example of V-REP’s path planning 
module is as shown in Fig. 4.

After identifying the robot and a number of obstacles in 
the environment, calculation function module f(x) available 
on the left side is selected. Further, it has various calculation 
modules for collision detection, distance calculation, path 
planning, motion planning, and dynamics. Before going into 
the path planning module, three things are necessary, first, a 
start dummy, followed by an end dummy and finally a path. 
Start dummy is at the location of the robot and end dummy is at 
the end location where the robot has to be at the end. The path 
is the connecting curve between these two points. In the path 
planning module, various parameters such as an object, goal 
dummy, and path object are selected, which describe the path 
to be traversed. After completing the parameters and making 
appropriate parenting between start dummy, robot, path, and the 
optimum path are calculated by clicking on computing path. 

5.2.2 A* Algorithm
This is another method of using a mathematical A* star 

algorithm for generating an optimum path from start to end 
location. The snapshots of A* star algorithm: sequence 1 and 

Figure 2. (a) Kinematics diagram for proposed robot and (b) 
Forces and moments on vehicle.

(a)

(b)
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Figure 5. Snapshots of A* star algorithm: (a) Map 1 in sequence 1, 
(b) Map 2 in sequence 1; (c) Map 1 in sequence 2.

Figure 4.  The snapshots of path searching algorithms: (a) Search 
for a path and (b) Following the searched path.

Figure 3. The snapshots of the V-REP simulation.

(b)

(a)

(b)

(a)

(c)
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sequence 2 are as shown in Fig. 5. For an application of this 
algorithm, a map of the environment is needed, which can be 
produced using a camera or any other map building sensors 
within the robot or in a simpler way a centralised camera 
which captures the picture of the environment. The robot is 
also captured in the picture and represents the starting point 
and end location as the end point.

using the Matlab code for A* star algorithm3, following 
results are generated using two maps. The robot is located at 
[10,10] and the end point is at [100,100]. The black shapes are 
the obstacles which the robot has to avoid in reaching the goal 
point. The A* algorithm uses the input graph and searches each 
all regions one by one and try to find the shortest path between 
the source point and all other regions. This algorithm explores 
the closest regions first but also has a bias to regions close to 
the goal. This bias is explained by the heuristic function. The 
path produced in map 1 has a processing time =875 s, and path 
length = 726. The map 2 has processing time = 665 s and path 
length = 775 as shown in Fig. 5.

5.2.3 Artificial Potential Fields and Fuzzy Logic 
Rule Base

This is another method of reactive path planning. In 
this method, the immediate distance between the obstacles 
is evaluated and next move of the robot is decided, without 
considering the future consequences of the moves. This motion 
of the robot leads to it reaching the goal. The obstacles have a 
repulsive force over the robot and goal has an attractive force. 
The resultant force evaluated by combining both the forces 
is used to plan the move the robot towards goal. using these 
techniques to generate maps, this algorithm has been deployed 
to find the path from source to goal. The map 1 has processing 
time =13 s and path length = 774. The map 2 has processing time 
= 39 s and path length = 801. The application of this algorithm 
is shown in Figs. 6(a) and 6(b). This is the last method explored 
in this article. Just like the potential field algorithm, this is also 
a reactive planning algorithm. The term reactive means that 
the immediate distance and position of obstacles are used to 
decide the next move of the robot, without concerning about 
the future consequences of the move. To apply this method, an 
appropriate input selection has been selected first, which best 
describes the current situation of the robot. 

Further, the FL developed demonstrates the schemes used 
for traversing the robot along a planned path when an obstacle 
is encountered. These rules monitor the distance (D) and the 
angle (A). The abbreviations used are NB, NM, NS, PS, PM, 
PB. The first letter is an {N or P} which means negative or 
positive. The second letter is {B, M or S} for big, medium 
or small, respectively. These rules were implemented by 
traversing the robot in different positions by varying the values 
of A and D. If the robot is far away from the path and deviating 
from the set point, then swift action is required as developed by 
Fl rules by quickly changing the direction of steering towards 
the path and slowing down the speed. The application of this 
algorithm is shown in Fig. 6(c). 

The next motion move is based on these inputs and not 
considering the actual scenario. Six inputs are selected for this 
problem. These are obstacle distance front, front left diagonal 

obstacle distance, front right diagonal distance, the heading 
direction, and goal angle, robot distance and angle of preferred 
turn. using the Matlab code by harrabi & Braiek5, a fuzzy 
logic algorithm is implemented. The map 1 has processing 
time = 8:6 s and path length = 902.

6. RESULTS AND DISCUSSION
From Fig. 7, it can be noted that the robot starts traversing 

in a hazardous environment and later after a specified time, 
the contact angles for three different scenarios are shown in 
Fig. 7(a). The slip and dynamic pull force increase as the robot 
traverse in this environment as seen in Fig. 7(d) and Fig. 7(b) 
respectively. The output accelerations of the controller are 
depicted in Fig. 7(c). It is noted that, as the robot moves into the 
environment, moretorque is required to localize the robot from 
excess heat. The torque required for driving and corresponding 
rpm profiles are plotted in Fig. 7(e) and Fig. 7(f), respectively. 
After the initial phase, the commanded acceleration varies 
approximately with a fixed period to adapt to the motion of 

Figure 6.  Snapshots of: (a) Map 1 in potential field algorithm, 
(b) Following the searched path in potential field 
algorithm, and (c) Map 1 in fuzzy logic algorithm.

(c)

(b)

(a)
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Figure 7.  Estimation of angle, pull force, angular velocity, slip, torque and RPM.

Figure 8. (a) Trajectory, (b) The relative distance between robot and victim, (c) The relative orientation between robot and victim,  
(d) Formation error for the robot, and (e) Response error.

(a) (b)

(c) (d)

(e)
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the robot. The trajectory of the robot as recorded by the vision 
system is depicted in Fig. 8. The corresponding formation states 
are as shown in Fig. 8(a) and 8(b). As a result, the perturbation 
from the internal dynamics becomes larger. As depicted in Fig. 
8(a) and 8(b), in this stage, the robot remains bounded and are 
influenced little by the varying of internal state, showing that 
the formation system is robust to the perturbation from the 
internal dynamics. Formation and response error are shown in 
Fig. 8(c) and 8(d), respectively. Both of the tracking errors are 
limited when the formation is in the steady state. When the 
trajectory of the robot is not smooth, the rotation motion of the 
robot varies with high frequency.

7. CONCLUSIONS
The current research work presents an interesting topic 

related to the social application based on fire fighting robot. 
Further, a scheme for identifying different system architectures 
for fire fighting robot has been presented. This scheme 
combines a PIR sensor, system architecture, positioning of 
robots with obstacle avoidance. Based on this, a mathematical 
model based on trilateration has been derived, which provides 
the precise position of the robots. In order to enhance the 
efficient performance of the robot, a sample model of obstacle 
avoidance algorithm is also proposed. This article gives an 
idea of what could be the best option for materials for the 
body and insulation of the robot and a 3D model is created 
using Solid works software. A virtual reality simulation of the 
tracked robot using V-REP software is done, which explains 
the behaviour of the robot in the fire environment. A detailed 
simulation study for fire fighting, using v-rep incorporating all 
constraints, applicable to an unknown environment has also 
been presented. Finally, various path planning method has been 
presented discussed and how they are implemented to find the 
optimum path is presented. Each algorithm is implemented 
using the maps and their processing time and path length 
are calculated. Simulation results from v-rep that shows the 
robustness of the algorithm.
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