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Portable Fire Evacuation Guide Robot System
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Abstract—Robot technology is emerging for applications in
disaster prevention with devices such as fire-fighting robots,
rescue robots, and surveillance robots. In this paper, we suggest
an portable fire evacuation guide robot system that can be
thrown into a fire site to gather environmental information,
search displaced people, and evacuate them from the fire site.
This spool-like small and light mobile robot can be easily carried
and remotely controlled by means of a laptop-sized
tele-operator. It contains the following functional units: a
camera to capture the fire site; sensors to gather temperature
data, CO gas, and O, concentrations; and a microphone with
speaker for emergency voice communications between
firefighter and victims. The robot’s design gives its
high-temperature protection, excellent waterproofing, and high
impact resistance. Laboratory tests were performed for
evaluating the performance of the proposed evacuation guide
robot system.

I. INTRODUCTION

R ECENTLY, mobile robots capable of ubiquitous
computing have become very popular ; these robots can
be used at all times under all conditions. They can be widely
used in areas such as military, the medical profession, and in
various industries. However, for the deployment of robot
systems in fire environments, a number of unsolved problems
remain. The most representative examples of such problems
are as follows.

1) Presently available robots are not able to function at high
temperatures of over 1500°C, which occurs after flashover,
and in the presence of water supplied by fire trucks, which
would prevent firefighters from entering the site if a robot is
being used. This implies that an evacuation robot needs to be
equipped with temperature protection, waterproofing, and
impact resistance mechanisms.

2) In general, when a fire or some other disaster is reported,
firefighters are sent to the site in order to cope with it as soon
as possible. Therefore, the evacuation robot also needs to be
not only light weight but also easy to carry for rapid
emergency response. Moreover, it is important that the
firefighter can safely withdraw the deployed robots, because
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the efforts for withdrawing include additional dangerous
activities in fire sites.

3) Due to the poor information regarding indoor space at
fire sites, it is very difficult to decide when or how should
firefighters enter a building. Therefore, the robot employed
for evacuation purposes should be able to not only monitor
the situation at fire sites but also report the gathered
information to remote firefighters by using a manipulator.

4) In addition to the above drawbacks, there can be other
unexpected problems that need to be addressed, such as poor
vision in smoke-filled areas and limited RF communication
channels.

In order to resolve these unsolved problems, many
applications that use caterpillar and fire extinguisher
equipment have been proposed [1] [2] [3]. However, they
have several limitations due to their large sizes and high cost
of maintenance. Therefore, the firefighters cannot easily carry
or operate such robots in emergency situations.

In this paper, we report the design and development of a
portable evacuation guide robot with various sensing systems
that can monitor indoor disasters such as fire, or it can be used
for victim detection and atmosphere observation. In addition,
by using a voice communication module and LED guidance
lamps, the robot can help in rescuing the victims. In order to
cover large fire areas, several robots can be organized into a
group, and they can transmit gathered information to the
firefighter’s controller at a remote site.

The rest of the paper is organized as follows. In Section 2,
we review related work on robot systems such as fire field
robots and portable mobile robots. Section 3 shows the
proposed design architecture of the evacuation robot system
and its implementation with user application. In Section 4,
performance evaluation with a fire test-bed is described.
Finally, in Section 5, concluding remarks and ideas for future
work are summarized.

II. RELATED WORK

A. Robots with rescuing functions

In the past decade, several mobile robots have been
proposed for rescuing people in fire sites such as buildings
that have collapsed due to earthquakes or sites where fire has
been caused by explosions. In order to tackle these
requirements for disaster management, many robot designs
have been proposed [4] [5]. However, they have been not
developed or fielded for real fire environments. The first
robot’s trial for urban search and rescue took place during
World Trade Center (WTC) disaster [6]. As more pragmatic
approaches to robot rescue, various robotic systems are
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introduced as follows. BEAR [1] is a versatile, humanoid
robot capable of lifting and carrying victims. Its main
functions are casualty extraction, building evacuation, heavy
lifting, searching, rescuing, etc. However, because of high
development costs, affordable services are limited except for
military or research purposes. Jet Fighter [2] is another
fire-fighting robot introduced by the Tokyo fire department.
This robot is operated by a remote user and performs
fire-extinguishing activities after determining the origin of a
fire. In addition, it provides monitoring services by a wireless
communication system, and it also has obstacle avoidance
mechanisms to enable autonomous driving. Fire Searcher [3]
is a type of scouting robot for use in fire sites with high
temperatures and poisonous gas. It monitors victims and the
internal situation in a building and then transmits the acquired
information to remote users by using an applied manipulator.
Tehzeeb [7] is also a rescuing robot, which employs a laser
scanner module along with a manipulator and map generation
algorithms for localizing itself while exploring in lightless or
dense smoke areas. Mobile robot system with wireless sensor
network [8] is an autonomous exploring robot, which is
equipped with Zigbee [9] wireless communication module to
facilitate video or audio data transfer. It helps to track the
location of the robot by analyzing signal strength of the
wireless sensor network.

Although these robot systems are well designed for
monitoring, driving, and firefighting in extreme fields, they
are still too heavy and large to be transported by firefighters.
Moreover, due to the high costs of large devices and systems,
the robot maintenance costs and additional overheads such as
user education and repair cost also increase, which is not
conducive for the commercialization and popularization of
these devices.

B. Portable robots with mobility

ROB-1 [10], developed by Sony-Ericsson, is one of the
most representative of portable robots, with networking
services and autonomous driving. Its weight is about 1 kg,
and it has a simple architecture with 2 wheels, which makes it
suitable for hand carrying. Despite its compact structure, it
provides Bluetooth [11] communication with remote users
using mobile phones. However, it is designed for
entertainment purposes such as playing music and shooting
images, which does not make it suitable for emergency
purposes. Wever C1 [12] is another compact robot with
two-wheel architecture, and its main purpose is for home
security. When illegal entry is detected by face or voice
recognition sensors, the robot reports the video information to
a remote user. It is also controlled by mobile phone and
remote internet. Although this robot has a compact size and
deals with indoor security, it cannot be directly applied to
rescue missions in extreme fire sites because of its nondurable
construction. Jack and Cutter Robots [13] are developed for
rescue operations by jacking and cutting the obstacles in
disaster sites. However, they still have some drawbacks such
as unfitness for high temperature fire environments and lack
of wireless communication modules for remote monitoring.

In this study, we resolve these limitations by adapting cost
effective robot designs for applications in fire management.

III. EVACUATION GUIDE ROBOT

A. Expected scenario and application

Firefighter Controller
LnopnliirOI A \ , Wireless Evacuation
, _control Ej__ control quide
— —
Rescue Sensing @:
victims EAERES  information Call for help

Fire Site

Fig. 1. Application scenario for the evacuation robot.

‘ (30sec) Firefighter approaches the site with robot ‘

'

‘ (2min) Robot transmits measured information to the operator ‘

(30sec) Communicate with victims though camera
and microphone |

‘ (1min) Evacuate victims by using voice and LED lamp ‘

'

‘ (30sec) Firefighter enters for rescue ‘

'

‘ (1min) Finish the rescue ‘

'

‘ [Flashover]Robot may be burned out ‘

Fig. 2. Activity flow chart of expected scenario

As mentioned in the introduction in Section 1, the ordinary
expected scenario for disaster robots would include several
objects such as firefighters, a remote controller, a manipulator,
victims, and the robot itself. This scenario is depicted in
Figure 1. Because the most important task is to rescue victims
in danger as soon as possible, the robot and the controller act
as arbitrators between the firefighters and the victims, and
they help them to communicate with each other. Furthermore,
in such a situation, the inopportune entrance of firefighters
would result in significant injuries to both the rescuers and the
victims. Therefore, the deployed evacuation robot can be
considered to be an avatar of the firefighter. The
comprehensive robot application scenario sequence is
represented in Figure 2. First, after fire detection, firefighters
or rescuers arrive at the fire site carrying robot systems, which
may take approximately 30s. Then, they deploy their
evacuation robot by throwing it into the fire site directly, and
the robot starts to gather the internal information by using
various sensors such as those for temperature, CO, O,, and
gas. All the gathered information, including video and voice
data, is forwarded to the remote firefighters using wireless
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channels. If the firefighters detect victims by using the robot’s
camera module, they can direct the victims to the emergency
exit by using the microphone and speaker system on the robot,
or they can directly enter the building for further rescue
operations. This simple example of the rescue procedure
takes approximately 5 min, which is the most important
period for surveying the indoor space and rescuing victims
before flashover occurs in which the temperatures exceed
1500°C. Therefore, the monitoring of information by the
robot in this time has considerable influence on the rescue
decisions made by the firefighters. Furthermore, the early
operations by the robot, before firefighters are committed, are
quite helpful for the safety of firemen as well as the victims.

B.  Design overview of the robot system

Camera Air Temperature

Sensor
On/Off Switch
Aluminum

Compounded Metal
LED Lamp

Support Wheel Robust Bi-Wheel drive

/ & Control System

Dual Display
for Two Robots

Joystick

Control
Buttons

Fig. 3. Overall architecture of the evacuation robot with remote controller

One of the main purposes of our evacuation robot is easy
portability, which would help firefighters to easily carry the
tiny robot and allow quick movements. To satisfy this
requirement, the robot has a spool-like round shape,
dimensions of 120 mm x 120 mm x 150 mm, and weight of 2
kg, which makes it easy to carry. These specifications are
listed in Table 1. Another advantage of this tiny design is that
the manufacturing cost is low enough to make the robot
expendable, so that it if need be, it can be destroyed by the fire
after finishing its duty. Thus, the firefighters do not have to
withdraw the used robot, which could result in another high
risk, additional efforts, as well as additional maintenance
costs. The main body of the evacuation robot consists of two
DC motors, a RC servomotor, a camera, sensors(Temperature,
CO, 0,, gas, compass, etc), a speaker, a microphone, an
LED-set lamp, and separated wireless RF modules for video,
voice, and sensing data. It also has a main controller based on

an embedded OS (operating system) and an external body
case, which is designed for thermal resistance, waterproofing,
and impact resistance. The overall design architecture of the
evacuation robot with the remote controller is shown in
Figure 3, and the internal section of the evacuation robot is

shown in Figure 4.
TABLE 1. HARDWARE SPECIFICATIONS OF THE ROBOT

Category Specification

Voltage range 69V

Electric current (operation mode) 200 mA

Electric current (standby mode) 50 mA

Battery type Lithium polymer

Maximum movement speed 282 mm/sec

Weight 2 kg

Support Wheel Sensors

Camera
Antenna
Geared
Motor
Box

Ball Caster

Fig. 4. Vertical section through the evacuation robot

ﬁNj

Anybody here?

We'll rescue you

No—» Where are you? —»
soon

Move along the
lamp

Fig. 5. Voice communication scenario for rescue

As shown in Figure 3, all control functions are executed by
the remote controller after the robot is thrown. The joystick
on the remote controller offers basic movement in all
directions. In addition, there are assistant wheel buttons that
direct three operations (up, down, and middle position
control) and provide motion control to the round support
wheels for stable driving and positioning. When the robot
drives and navigates along the road, the two main wheels
alone are not sufficient to keep the robot balanced. Even
though the robot may be directed in any direction by the
firefighter, the support wheel is able to keep the robot in
balance and within position, with motions similar to a
tumbling doll, which include kicking and rolling operations
on the ground. In addition, when the robot climbs a slope, the
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support wheel acts as a prop for continuous driving as well as
dynamic steering. Another feature of the support wheel is that
it can be folded up to a small size so that the device can be
easily carried by firefighters. All operations of the support
wheel are controlled by a dedicated sub-motor. The vertical
section of the wheel is illustrated in Figure 4.

There are 5 buttons on the control box, which are used to
generate the user’s prerecorded voice to communicate with
victims in need. Figure 5 shows the sample voice
communication scenario to be used with victims; however,
the firefighter may generate and record his own voice with the
microphone on the remote controller for further rescue
operations. The reason why the robot offers prerecorded
voice is to minimize the communication time since the entire
rescue procedure should be completed in 5 min, as mentioned
in Section 3.1.

C. Temperature protection and waterproofing

In general, a fire is classified into the following two stages:
before and after the flashover. When the fire reaches the
flashover point, most of the smoke changes into flames and
the temperature exceeds 1500°C. In this case, most of the
robot’s materials and devices are burnt along with the entire
building. In the other state of the fire, i.e., the one before the
flashover, the temperature is between normal and 500°C.
Therefore, the pre-flashover stage is the optimal period for
rescuing victims by using the evacuation robot. However,
since the fire usually reaches flashover in 5 min after the start
of the fire, the robot should resist temperatures of up to at
least 250°C during this period. To achieve this, we used an
aluminum compound metal with Teflon wiring for the
internal circuit and the external body, which enables the robot
to survive up to approximately 250°C.

In fire and disaster sites, probable water spraying
operations are performed by either the firefighters or the
building sprinkling facility in order to extinguish the fire,
which implies that the robot should have waterproofing
mechanisms as well as thermal resistance. Therefore, most
electronic circuits including the camera, motor, antenna, and
sensor modules are inserted into the inside of the robot’s body
and the entire outer case is composed of waterproof epoxy
adhesive. In addition, the rounded body design of the robot
not only lets the falling water spread on the surface but it also
distributes external impact, which is described in Section 3.4.

D. Impact resistance

Fig. 6. Leaf spring and impact distribution frame with side bolster

Another feature of the evacuation robot is a crash cushion
mechanism for impact resistance, which may prevent the
cracking of the frame axis when the robot is thrown by the
firefighters. To achieve this, we have inserted leaf springs
inside the gears of the robot’s wheels. The leaf spring, by
using its internal coil, alleviates the outer impact from the
vertical direction. In addition, the frame axis of the round
wheel distributes the diagonal external impact over the entire
body of the robot by using the side bolster. Therefore,
irrespective of the direction in which the robot is thrown, it
can resist and distribute the external impact. For example,
once the robot is thrown in the diagonal direction, the side
bolster distributes the first impact, and then, the inside leaf
spring absorbs the remaining impact. Figure 4 illustrates the
leaf spring and the distribution frame for external impact
resistance.

E. Communication system for indoor monitoring

Embedded OS m

Servo Motor

|

Main Controller
v
Sensors
(Temp, O,, CO, Gas)

le
Blue AD converter

tooth

» . peaker, Mic.
Voice ‘ [ LED, Batter
s y

RF ¢ Motor driver L

Fig. 7. Internal components of the evacuation robot

After the robot has been thrown, its first mission is to
measure parameters such as the temperature and density of
CO, 0O,, and poisonous gas in the atmosphere within the
building, using its many sensors. When other sensing data is
needed for specific environments, the sensor board of the
main circuit offers compatible interfaces for replacements,
which implies that the robot can be used anywhere with any
equipment and at low cost. The gathered information is
transmitted to the remote user terminal by dedicated
Bluetooth wireless channels, and the user transmits control
packets to the robot for its use. The Bluetooth technology is a
suitable solution for the evacuation robot because its RF
devices are light in weight and have a low overhead profile,
appropriate for the robot’s portable size. Moreover, the
Bluetooth antenna is also small enough to be integrated into
the robot’s frame. Although Bluetooth offers an efficient
wireless networking mechanism for small networks, it is
unable to deal with voice and video traffic because of its
limited bandwidth and high error rate. Therefore, we inserted
two additional dedicated RF interfaces with 2.4 GHz
frequencies for voice and video processing, respectively.
They use frequency modulation (FM) with transmission
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power of 17 dBm. In addition, several robots can be
organized into a group by WPAN [14] for cooperative
monitoring and guidance. Because the first robot may be
destroyed in the fire, an additional backup robot is needed to
complete the rescue mission started by the previous one.
Different robots have independent RF channels in order to
prevent signal interference between them, and they directly
transmit sensing data to the remote controller, which implies
that they do not support wireless multi-hop networking.
When we adopt multi-hop capabilities, the error-prone
wireless channel with limited bandwidth is not stable enough
to manage seamless channel connections essential for
delay-sensitive traffic such as video and voice during the
robot’s handover procedure. Therefore, by not using
multi-hop relay procedures, the robot is able to minimize the
transmission delays, which are a characteristic of multimedia
traffic. The internal components of the robot with three RF
interfaces for video, voice, and control data are shown in
Figure 7.

F. GUI design for remote controller
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Fig. 8. GUI in the remote controller

The evacuation guide robot is mainly designed for rescuers
or firefighters who are rarely familiar with electronic devices.
This fact requires that the GUI of the remote controller for the
robot should be designed to be user friendly, and it should be
easy to carry. Therefore, we designed the following two types
of GUIs. The first is a control box type, shown in Figure 3,
which uses a joystick and a button-based remote controller,
which enables firefighters to easily operate the robot while
wearing thick thermal protection gloves. The other type is
designed for hand held devices that use touch-screen
manipulation on the monitor, and it is easy to carry and move
in emergency situations. The overall GUI architecture of the
remote controller is illustrated in Figure 8 and the layout can
be described as follows. At the center of the screen, the visual
information obtained from the robot’s camera is shown. The
reason why the color of the fire is white in Figure 8 is that the
camera module automatically switches to the infrared picture
mode in lightless environments. On the left side of the screen
that shows the camera input, there are 4 small screens that
display the other robot’s visual information. When the user
handles multiple robots, these separate display monitors not
only display their monitoring statuses but also offer separated
control services for robots by using separated wireless

channels. By clicking the robot switch button in the control
box or by touching the small screen in the handheld device,
the operator is easily able to control the other thrown robots.
In the upper right side of the GUI, there are several control
bars that represent numeric values of various gathered data
such as CO, O,, gas, and temperature. On the left lower side
of the GUI, an electronic compass is located and it displays
the driving direction of the robot.

IV. PERFORMANCE EVALUATION

A. Impact resistance and waterproof test

We have designed a real fire test-bed with a container
house and have evaluated the performance of the evacuation
robot. The size (L x W x H) of house is 9m x 3m x 2.3m and
the experiment sequence is as follows. First, we verify the
impact resistance by throwing the robot and measuring the
threshold value at which the robot cracks, as shown in Figure
9. The robot is thrown to the earth by increasing the falling
height gradually until it shows external cracks or any
functional disorders. The maximum falling height is about
3.5m, which is robust enough to be thrown by firefighters.
Then, we operate the robot under falling water by using
spring cooler facility, as shown in Figure 9. We verified that
our robot can execute every predefined operations during
shower in accordance with the IP22 standard criterion.

Fig. 9. Impact resistance and waterproof test

B. High temperature protection test

Fig. 10. Experiments with electronic oven

We carried out a high temperature protection test in both
the laboratory and the house with real fire, as shown in Figure
10 and Figure 11, respectively. For the accurate measurement
of temperature resistance, we use an electronic oven in which
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the robot tries to communicate with a remote controller until
the temperature reaches maximum degree of robot’s robust
operations. Finally, we created a fire environment in a
building and executed the entire rescue scenario shown in
Figure 2. Table 2 summarizes the performance results of the
evacuation robot, obtained in the experiment. From the
results, we can note that the evacuation robot is suitable for
monitoring fire sites and rescuing victims in the early stages
of a fire before the temperature reaches flashover.

Fig. 11. Experiments with fire in container house

C. Experiment of Multiple robots

The situation of fire site is various and the firefighter may
want to monitor several places for prompt rescue operations
in fire building. Thus, we have used two robots with one
remote controller to test cooperation between multiple robots
in the building, as shown in Figure 12. Each robot entered the
building with different directions and we turned on the remote
controller. After each robot received wireless signals from the
controller, they made WPAN topology by using separated
Bluetooth channels. However, because the controller has only
one joystick, the firefighter can manipulate only one robot at
this moment. Thus, the other robot explores the building with
simple autonomous navigation algorithms such as driving
with obstacle avoidance and turning around the room. In this
case of multiple robot operations, the maximum number of
robots that the firefighter can operate simultaneously is 4.

Fig. 12. Experiments of cooperation between multiple robots

TABLE 2. PERFORMANCE STUDY

Parameter Unit Value
Video Rate Fps 20
Data Rate Kbps 56
Radio Range Meter 50
Impact Resistance Kgf-cm 200
Waterproof 1P 1P22
Voice Output dB/mW 80/12
Transmission Delay msec 100
Max. Temperature °C 250
Height Overcome cm 3
Survive Time Min 15

V. CONCLUSIONS AND FUTURE WORK

In victim rescue operations at fire sites, which are one of
the many applications of field robots, many environmental
problems arise such as high temperatures, falling water,
external impact, and limited data communication. In this
paper, we present the design and implementation of a portable
evacuation guide robot system with a remote controller,
which overcomes these limitations. The robot is designed
with aluminum compound metal for thermal resistance with
waterproofing and an impact distribution frame for impact
resistance. In addition, it offers various multimedia
networking services such as video, voice, and sensing data
transmission between the firefighters and the victims, based
on separated wireless channels. The performance evaluation
illustrates that our robot is well designed for providing
monitoring services and rescuing victims at fire sites.

For future work on evacuation robots, we plan to develop
an optimal multi-hop networking module for multimedia
traffic, as well as dynamic topology management schemes for
mobile environments. Then, we need to explore experiments
for real victim evacuation guidance, which needs more
caution and careful operations for dealing with victim’s life.

ACKNOWLEDGMENT

This work was fully supported by the business verification
project on service robots funded by MKE (Ministry of
Knowledge Economy) in 2009, Korea.

REFERENCES

[1] Homebear robot, Vecna Robotics Co., URL:
http://www.vecnarobotics.com/robotics/product-services/bear-robot/

[2] Fire Fighting robots, URL:http://www.tfd.metro.tokyo.jp

[3] P.H. Chang and Y.H. Kang, et al., “Control Architecture Design for
Fire Searching Robot using Task Oriented Design Methodology”,
SICE-ICASE 2006, Oct. 2006.

[4] Kobayashi, A. and Nakamura, K., “Rescue Robot for Fire Hazards,”
Proc. of International Conference on Advanced Robotics, 1983

[5] Ko, A. W.Y.and Lau, Y. K. H., “An immuno robotic system for search
and rescue”, Proceedings 6th International Conference on Artificial
Immune Systems (ICARIS 2007), August 2007

[6] Snyder, R.,”Robots assist in search and rescue efforts at WTC”, IEEE
Robot. Automation Magazine, vol. 8, pp. 26-28.

[71 S Suthakorn, J., Shah, S.S.H., Jantarajit, S., Onprasert, W., Saensupo,
W., Saeung, S., Nakdhamabhorn, S., Sa-Ing, V., Reaungamornrat, S.,
“On the design and development of a rough terrain robot for rescue
missions”, IEEE ROBIO 2008, Feb., 2009

[8] Albert Ko and Henry Y.K.L., “Robot Assisted Emergency Search and
Rescue System With a Wireless Sensor Network”, International Journal
of Advanced Science and Technology, Vol.3., Feb., 2009

[9] Zigbee Alliance, URL://www.zigbee.org/en/index.asp

[10] ROB-1, URL:http://www.sonyericsson.com

[11] Harte, Lawrence, "Introduction to Bluetooth, Technology, Market,
Operation, Profiles, and Services", Lightning Source Inc, 2004

[12] Wever C1, URL:http://www.etri.re.kr

[13] Mayuko Mori, Junichi Tanaka, Koichi Suzumori, and Takeftimi Kanda,
“Field test for verifying the capability of two high powered hydraulic
small robots for rescue operations”, IEEE/RSJ IROS 2006, Oct., 2006

[14] IEEE 802.15 Working Group for WPAN, R
URL:http://www.ieee802.org/15/

2794



