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relief operations in narrow debris”

Zang Xizhe (J 7% )@, Wang Jibin, Liu Yixiang
(State Key Laboratory of Robotics and System, Harbin Institute of Technology, Harbin 150080, P. R. China)

Abstract

This paper proposes two novel rescue robots, including a cutter robot and a jack robot, which

are aimed to contribute to rescue activities such as to cut through obstacles and to jack up debris in

dangerous sites and narrow spaces, where a rescue team can not work or approach. Firstly, a multi-

linked tracked rescue robot platform composed of connected crawler vehicles is developed, which has

high mobility on irregular terrain and ability to move into narrow collapsed structures. Then, the cut-

ter robot and jack robot are designed on the basis of rescue robot platform equipped with a cutter or

a jack mechanism and corresponding manipulators in the front segment. The cutter refitted by an an-

gle grinder is able to cut through 10 mm diameter steel bars. The electric jack mechanism designed

based on multiple layers screw sleeves structure can lift up 300 kg load from 70 mm to 400 mm. Ex-

perimental results validate the capability of the two rescue robots.
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0 Introduction

Natural disasters such as earthquakes and tsuna-
mis occur occasionally, having caused heavy losses to
lives and properties of people in disaster-hit areas. It is
proved in practice that victims are much more likely to
survive during the window period of 72 hours after the
earthquake for relief operations; after 72 hours, the
chances of survivals are getting smaller owing to inju-
ries and lack of food and water. Quick and efficient
rescue operations play a significant role after such dis-
asters occur. Therefore, a variety of rescue robots
which are used to increase the efficiency and security
of rescue operations have been developed.

According to the tasks to be completed, rescue ro-
bots can be divided into two categories. The first cate-
gory of rescue robots, mostly equipped with gas detec-
tors, radiation sensors and infrared cameras, aims to
search victims and collect information in unknown dan-
gerous environment, such as Packbot developed by
iRobot and Souryu developed by Tokyo Institute of
Technology''?'. In addition, some rescue robots inclu-
ding HELIOS VIII which is developed by Tokyo Insti-
tute of Technology are also mounted with a manipulator
to accomplish some simple operations, for example,
opening doors and grasping objects'*’. A lot of such

robots have been developed. The second category of
rescue robots which are not so many, aims to realize
operations that need big power, for instance, cutting
through obstacles, jacking up heavy debris and carry-
ing victims. Tsukagoshi, et al. in Tokyo Institute of
Technology proposed a series of jack robots named
Bari-bari >/

designed a jack robot and a cutter robot in 2005+

Tanaka, et al. in Okayama University

These robots, driven by hydraulic actuators, are suit-
able for heavy-duty rescue operations. However, oper-
ators are required to stand by closely owing to limitation
of the hydraulic tube.

According to the above situation, two novel rescue
robots are proposed—a cutter robot and a jack robot.
As the first step, a multi-linked tracked rescue robot
platform is designed, which is with high adaptability
and mobility on the irregular ground of disaster sites,
and can be remotely controlled via wireless communica-
tion. As the second step, a cutter, a jack mechanism
and corresponding manipulators are designed which can
be equipped in the rescue robot platform to accomplish
rescue operations of cutting through obstacles and jack-
ing up debris.

This paper is organized as follows. Section 1 in-
troduces design of the rescue robot platform. Section 2
and Section 3 introduce design of the cutter robot and
the jack robot respectively. Experiments on the two
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rescue robots are presented in Section 4. And our con-
cluding remarks are contained in Section 5.

1 Design of the rescue robot platform

1.1 Rescue robot platform

The rescue robot platform is aimed to carry rescue
tools into disaster sites to accomplish rescue tasks such
as searching victims, cutting through obstacles and
jacking up debris. So it’ s required to be slim enough
to go through cracks and crevices with high mobility on
rough terrain.

To satisfy the above requirements, a multi-linked
tracked rescue robot platform is designed, which is
constructed by two crawler vehicles - front and rear
segments connected by active joint mechanism, as
shown in Fig. 1. The long and thin structure enables
the rescue robot to enter into narrow debris. The front
segment is able to pitch, yaw and roll relative to the
rear one, ensuring the rescue robot good adaptability to
complex terrain when traveling on irregular surfaces.
Batteries, motion controller, joint driving motors and
wireless communication module are all equipped in the
rear segment to leave enough space for rescue tools in
the front segment.

Rear segment

Front segment Joint mechanism

Crawler driving motor

Crawler Joint driving motor

Fig.1 Structure of the two-linked tracked rescue robot platform

Designed on the basis of modular design method,
configuration of the rescue robot platform can be easily
changed by adding more segments to the end in accord-
ance with practical demand, illustrated in Fig.2. With
respect to three-linked tracked rescue robot platform,
the front and rear segments are able to adjust posture
relative to the center segment independently, ensuring
its better mobility than two-linked tracked rescue robot
platform. In addition, different kinds of rescue tools
can be equipped in the front and rear segments to ac-
complish more rescue operations. However, three-
linked tracked rescue robot platform has bigger size and
heavier weight compared with two-linked tracked res-
cue robot platform.

Fig.2 Three-linked tracked rescue robot platform

1.2 Joint mechanism

The front segment is connected to the rear one by
a special three dimensional joint mechanism which in-
cludes two layers, as shown in Fig. 3. The upper layer
consists of two active driving limbs. Each limb consists
of a driving motor located in rear segment and a ball
screw with universal joints on both ends. The lower
layer consists of junction plates of 3-DOF -pitch, yaw
and roll. The DOF of roll is controlled by the brake.

Universal joint  Gear transmission Motor

Ball screw

Fig.3 Joint mechanism

When the brake is applied, posture can be
changed around the yaw and pitch axes by two screws
driven by motors located in the rear body segment.
When the brake is released, the front segment is able
to roll. Such design allows the robot to adjust its shape
corresponding to irregular surfaces, so that the driving
force can be transmitted to the ground more effectively.
Workspaces of the robot’ s pitch and yaw are [ —40°,
+33°] and [ -29°, +29°].

1.3 Kinematics analysis of the robot’ s yawing
When ball screws of joint mechanism are driven to
rotate towards different directions, one of the two ball
screws lengthens and the other shortens, causing the
front segment to yaw relative to the rear one. Kinemat-
ics analysis aims to get the relationship between the
distances of ball screws. Fig. 4 shows the schematic di-
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agram of the robot’ s yawing.

A B
Fig.4 Schematic diagram of the robot’ s yawing

Point A, B, C and D refer to the centers of univer-
sal joints and point E refers to the yawing center. As-
suming that parameter 8 stands for the yawing angle at
some point, the distances of ball screws indicated by
P, and P, can be presented as,

P, = [m—Rsin(a—,B)]z+[n+Rcos(a—,B)]2
(1)

P, [Rsin(a +B) —m]> + [Reos(a +B) +n]’

(2)
In Eqs (1) and (2), values of m, n and « are
determined by the structure of rescue robot. With the
help of Matlab, the changing curve of P, with P, is
plotted, shown in Fig. 5. Within this figure, it’ s obvi-

ous that the curve is approximately a straight line. In
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Fig.5 Curve of P, changing with P,

other words, the relationship between P, and P, can be
treated as linear. When designing the control system,
velocities of the two driving motors are set to the same
value to simplify the control program.

1.4 Kinematics analysis of the robot’ s pitching

The front segment pitches when the two ball
screws are driven to rotate towards the same direction
at the same speed. A large range of pitching motion al-
lows the robot to climb high vertical barriers more easi-
ly. However, owing to ball screws’ limited length, en-
larging limit value of elevation angle is inevitably in ac-
company with reducing limit value of depression angle.
Given that, an effective method is to determine the rea-
sonable structure parameters by kinematics analysis of
the robot’ s pitching in order to achieve the optimal
combination of elevation angle and depression angle.

Fig. 6 shows the schematic diagram of the robot’ s
pitching. In this image, the values of L, and L, are al-
ready known, and X which refers to the distance be-
tween hinge joints in vertical direction is undeter-
mined. At any time of the pitching procedure, length
of ball screws denoted by L, has a certain value, and
the value of pitching angle can be written as

L+L+X, - 13

A = arccos (3)

2L, /L + X,

L,
Ls

Fig.6 Schematic diagram of the robot’ s pitching

Assume that the initial value of A before the robot

pitching is A;;. Then the elevation angle ¢ and depres-

sion angle ¢ can be got as follows
¢ = A — A (4)
V=i~ A (5)
Change curves of elevation angle and depression
angle with value of X are plotted in Matlab, shown in
Fig.7. Value of X is determined following the principle
of achieving both satisfying elevation angle and depres-
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sion angle on the basis of the analysis result. In this
design, the value of X is 31mm and elevation angle
and depression angle are 33° and 40°. Once X is de-
termined , the range of pitching angle can be obtained.
Fig. 8 presents the changing curve of the robot’ s pitch-
ing angle with the distance of ball screws.
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Fig.7 Curves of elevation angle and depression angle
changing with X
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Fig.8 Curve of pitching angle changing with L,
2 Design of the cutter robot

2.1 Cutter robot

The cutter robot is designed by equipping with a
3-DOF manipulator and a cutter in the front segment of
the rescue robot platform, as shown in Fig. 9. Its work-
ing process is depicted as follows. First of all, the cut-
ter robot moves to the obstacles which need to be cut
through. After that, the cutter stretches out from the
front segment of the robot , adjusts to an appropriate

Cutter ~ Manipulator

Rescue robot platform

Fig.9 Overview of the cutter robot

pose for cutting operation and starts working. When the
obstacles are cut through, the cutter moves back to the
inside of robot and continues to the next task. Fig. 10
shows working image of the cutter robot.

Cutter

Steel bar ﬂ Cutter robot

Fig.10 Working image of the cutter robot
2.2 Manipulator and cutter

The manipulator of the cutter robot has three
DOF: one translational DOF and two rotational DOF,
as shown in Fig.11. The rack is fixed on the body
frame of the cutter robot. When the motor rotates, the
manipulator moves along the rack, extending outward
from the front segment.

Joint 1 Joint 2 Cutter Motor

Body frame Rack Gear

Fig.11 Manipulator of the cutter robot

By rotating around joint 1 and joint 2, the cutter
mounted at the end of joint 2 is able to adjust its posi-
tion and orientation. The cutter, illustrated below in
Fig. 12, is refitted by an angle grinder and possesses
the ability of cutting through 10 mm diameter steel
bars.
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Fig.12 The cutter

2.3 Control system

The control system hardware architecture of the
cutter robot consists of layers-control terminal, robot
system and execution unit, as shown in Fig. 13. The
control terminal includes microcomputer, touch-screen
monitor, wireless module and joystick. The robot sys-
tem includes a motion controller, a wireless module
and a camera. And the execution unit is composed of
DC motors, drivers and encoders. The microcomputer
on which the control system software runs communicates
with the motion controller through the Modbus protocol
via wireless modules, sends commands to motion con-
troller, and accepts information of the cutter robot re-
turned by the motion controller. Each execution unit is
connected to the motion controller via CAN bus, ensu-
ring the control system a high expansibility.

Control terminal ‘—Q— !
” 1

—

% Wireless communication

Execution unit
|

=T
Robot system EJ | T
|

Fig. 13 Hardware architecture of control system

The control system software of the cutter robot is
shown in Fig. 14. Watching the cutter robot directly or
through the view from the camera displayed on the tou-
ch-screen monitor in real time, operator can realize
control of the robot remotely by the joystick or by clic-
king on the buttons of the software. The motors are
powered by two lithium batteries, each of which has a
capacity of 10Ah, enabling the cutter robot to keep
working about one hour. The wireless communication
module can work steadily at distances of up to about 10
meters.
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Fig.14 Control system software of the cutter robot
3 Design of the jack robot

3.1 Jack robot

Analogously, the jack robot is designed by equip-
ping with a manipulator and a jack mechanism in the
front segment of the rescue robot platform, as shown in
Fig. 15. Its working process is similar to the cutter ro-
bot. When reaching the destination place, the manipu-
lator takes the jack mechanism out of the front segment
and puts it at a specified point for jack-up operation.
Then the jack mechanism lifts up the debris to make
and keep enough space for rescue parties and other res-
cue tools. Fig. 16 shows working image of the jack robot.

Jack mechanism Manipulator

Rescue robot platform

Jack robot

Jack mechanism ﬂ

Fig.16 Working image of the jack robot
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The control system of the jack robot is much the same
as the cutter robot and needs not to be repeated in this

paper.

3.2 Manipulator and jack mechanism

Fig. 17 presents the structure of the jack robot’ s
manipulator. The gear meshes with a rack which is
fixed on the body frame of jack robot. There is a grip-
per at the front of the manipulator. The jack mecha-
nism is clamped by the gripper in the front segment.
When the manipulator reachs out from the front seg-
ment along the rack driven by motor, the gripper
spreads to the sides and then the jack mechanism is
separated from the gripper.

Gripper

Fig.17 Manipulator of the jack robot

The electric jack mechanism shown in Fig. 18
adopts the structure of multiple layers screw sleeves.
Its initial height is only 70mm, and its maximum
height reachs 400mm. To enlarge the driving torque of
motor, harmonic gear retarder with a reduction ratio of
160 is used. Owing to self-locking effect of helix trans-
mission, the jack mechanism is able to support the load
steadily even when motor is power off.

Fig.18 Overview of the jack mechanism

4 Experiments

The experiments include two parts: driving ability
test and operation capability test. High mobility is the
basis for the rescue robots to accomplish rescue opera-
tions reliably in unstructured environments. So first of
all, driving ability of the two-linked tracked rescue ro-
bot and three-linked tracked rescue robot are tested re-
spectively. Secondly, cutting test and jack-up test are

carried out to test the performance of the cutter robot
and the jack robot.

4.1 Driving ability test

Driving ability tests are performed on the typical
road surfaces including climbing slopes and crossing
obstacles to make the potential of the rescue robots
clear. What’ s more, considering the complexity of
disaster sites, field tests are carried out in simulated
disaster site to verify the ability of the rescue robots.

(1) Climb slope

As shown in Fig. 19 and Fig. 20, the slope in this
experiment is about 40°. Both robots can climb the
slope smoothly. When the driving motors are power
off, the robots can stay on the slope steadily to carry
out some operations.

Fig.20 Three-linked tracked rescue robot climbs slope

(2) Cross obstacles

Fig. 21 and Fig. 22 show the test of crossing obsta-
cles. Each segment of the robots is 500mm in length.
The two-linked tracked rescue robot is able to clime
400mm-high obstacles and cross 400mm-wide trench.
And the three-linked tracked rescue robot can climb
3 0 0 mm - high obstacles because of its heavier weight .

W7 e ol ARG < / oo, s

Fig.22 Three-linked tracked rescue robot crosses obstacles
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(3) Field tests

As illustrated in Fig. 23, field tests are carried out
at a collapsed house in the national training base for
urban search and rescue. Fig.24 shows a test on the
traveling ability of the robot over the rubbles of small
stones and rocks. The robot can travel smoothly on
them. Fig.25 shows a test of crossing obstacles. The
stone is about 200mm high and the trench is about
300mm wide. The tests validate the mobility of the res-
cue robot.

';‘g N >
Fig.25 Crossing obstacles

4.2 Cutting ability test

The cutting process can be divided into four
steps: (1) the manipulator reachs out from the front
segment; (2) the cutter extends by rotating around
joint 1; (3) the cutter rotates around joint 2 to adjust

its posture; (4) the cutter starts working. When cut-
ting obstacles, the cutter feed motion is realized by ro-
tating around joint 1. The results illustrated in Fig. 26
show that the cutter is able to cut through 10mm diam-
eter steel bars within 2.5 minutes.

Fig.26 Image of cutting test

4.3 Jack-up ability test

Fig. 27 presents the image of jack-up ability test.
The box loaded on the jack mechanism weighs about
300kg. The jack mechanism can lift the box up from
70mm to 400mm. When the driving motor is power off
the jack mechanism is able to support the load steadi-

Fig.27 Image of jack-up test
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5 Conclusion

Two novel rescue robots including a cutter robot
and a jack robot which are aimed to cut through obsta-
cles and jack up heavy load in narrow debris are devel-
oped. Composed of two crawler vehicles connected by
active joint mechanism, the two rescue robots have
high mobility and adaptability on irregular terrain in
disaster sites. Configuration of the rescue robots can be
changed by adding more segments according to practi-
cal requirement. The cutter robot is able to cut through
10 mm diameter steel bars. And the jack robot can lift
up 300 kg load from 70 mm to 400 mm by using a no-
vel type of jack mechanism which adopts the structure
of multiple layers screw sleeves. The experimental re-
sults and field tests make us believe that the two rescue
robots can play a role in disaster relief operations. In
the future, our research will focus on the improvement
of remote control distance, battery life and other new
portable rescue tools to make the rescue robots more
practical.
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