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Abstract

Mobile robots often encounter complex obstacles during their operation, not the least of which are stairs. Suitable mechanical structures
and adequate control algorithms are both equally important in stair climbing. This paper proposes a novel design for a multi-active crawler
robot (MACbot) capable of autonomous stair climbing. The MACbot has four track modules for extended mobility and a recovery arm
that facilitates self-rescue capabilities. By adopting the proposed smart clutch mechanism, the MACbot can provide a variety of motions
with a minimum number of motors. This paper presents a static analysis for the mechanical design and details the stability analysis for an
autonomous stair climbing algorithm. A series of experiments show that the MACbot can autonomously climb stairs reasonably well.
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1. Introduction

Tracked robots are used for reconnaissance in dangerous ar-
eas such as at the scene of a fire or a crime. In such situations,
they are operated by remote control based on the visual infor-
mation transmitted from a camera mounted on the robot.
However, remote operation is very difficult when a robot en-
counters complex obstacles such as stairs because the infor-
mation provided by vision and range sensors is not intuitive
enough to control the robot. To cope with these problems,
both suitable mechanical structures and adequate control algo-
rithms are equally important in successfully climbing stairs.

In the mobile robotics field, various research efforts have
been directed toward indoor and outdoor navigation using the
sensor fusion [1, 2] and the development of a robot capable of
stair climbing [3-8]. For example, a double-track mobile robot,
composed of the front and rear bodies with tracks and the
passive joint, was developed to provide a high mobility and
good ground adaptability [3]. A tracked mobile robot based on
a linkage mechanism actuator (LMA), composed of two paral-
lel arms to control the shape of the tracks, was developed to
autonomously climb and descend stairs [4]. A new driving
mechanism capable of transforming the geometry of the track
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was proposed to climb the stairs [5]. Another example in-
volves a tracked robot that can climb the stairs autonomously
by using a vision sensor, a 3-axial gyroscope and a Kalman
filter in attitude estimation [6]. However, most of them had a
relatively large size for stair climbing, which led to the diffi-
culty in working in the narrow area.

To cope with these problems, the multi-active crawler robot
(MACbot) proposed in this paper was focused on the small-
size, lightweight, high practicality and high capability of stair
climbing. The MACbot has four track modules that have the
dual functions of the tread drive and the track module drive.
The clutch mechanism enables the MACbot to switch the path
of power transmissions associated with the tread and track
module. When the MACbot is in rugged terrain in tread drive
mode, the track modules can freely rotate around their pivots
so as to provide stable contact between the tracks and the
ground. With five motors, four located on each track and one
in the robot body, the MACbot can operate by running four
tracks simultaneously and rotating them as necessary. In addi-
tion, the MACbot can overcome a relatively high obstacle for
its size. Compared with the previous track robots, the
MACbot is small and lightweight but it still works well on the
normal stairs.

The premier features of the MACbot can be summarized in
following three main points: multiple functions with a mini-
mal number of motors, self-rescue capabilities and autono-
mous stair climbing ability. From a practical point of view, the
number of motors is a very important consideration since it
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directly relates to the cost of the robot. By adopting a smart
clutch mechanism, the MACbot still provides a variety of
functions such as the traveling, climbing and recovering with a
minimal number of motors. When the MACbot is flipped
upside down, the recovery arm helps it to reposition itself
right-side-up and the robot can continue to perform its mission
without any human intervention. Furthermore, the MACbot
can climb stairs autonomously by using information about the
robot’s posture and obstacles.

The remainder of this paper is organized as follows: Section
2 describes the concept and mechanical structure of the
MACDbot. Section 3 presents the static analysis for the me-
chanical design. Section 4 details the stability analysis for the
autonomous stair climbing algorithm. The autonomous stair
climbing strategy and the experimental results are shown in
Section 5. Finally, Section 6 presents the conclusions.

2. Multi-active crawler robot

2.1 Concept of MACbot

As shown in Fig. 1, the MACbot is comprised of four active
track modules, three clutches and the recovery arm. The two
front track modules including the clutches can go forward by
crawling with the treads and rotating them around their pivots
as necessary. The other clutch placed at the robot body en-
ables the MACbot to transmit the power of the recovery motor
to the recovery arm and rear track modules, connected to the
same power transmission. Unlike the front track modules, the
rear track modules can go both forward and backward.

The MACbot provides three drive modes: the normal mode
for regular terrain (Fig. 2(a)); the obstacle mode for rough
terrain (Fig. 2(b)); and the recovery mode (Fig. 2(c)). When
the MACbot encounters a high step that it cannot negotiate in
the normal mode, it activates the obstacle mode as shown in
Fig. 2. When the two front tracks reach the obstacle (Fig. 2(a)),
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Fig. 2. Three drive modes: (a) normal mode, (b) obstacle mode, and (c)
recovery mode.

it starts to rotate to climb it (Fig. 2(b)). After the two front
tracks are successfully positioned on the obstacle or step, the
two rear tracks approach then climb up onto the step. When
the MACbot is flipped upside down, the recovery arm can
help it to reposition itself right-side-up (Fig. 2(c)).

2.2 Clutch mechanism

The clutch mechanism shown in Fig. 3 switches the driving
modes according to certain conditions. This mechanism was
proposed in order to limit power consumption and minimize
the number of motors necessary for operation. As shown in
Fig. 3(a), the clutch mechanism based on a planetary gear
system is composed of a sun gear, a planet gear, a carrier and
a torsion spring. Without the internal ring gear used in general
planetary trains, a small friction force generated by the spring
is required to prevent free motion from occurring between the
sun gear and the carrier. In Fig. 3(a), the clutch mechanism is
in a neutral position, so no engagement occurs and gear 1 and
gear 2 are idle. When the sun gear rotates counterclockwise
(CCW), the planet gear approaches gear 1, as shown in Fig.
3(b). In the same manner, if the sun gear rotates clockwise
(CW), the planet gear now meshes with gear 2 as shown in
Fig. 3(c). With this clutch mechanism, two drive modes can
be obtained by using a single motor, and the function depends
on the rotational direction of the motor. This type of clutch
mechanism is used in the two front track modules and in the
recovery mechanism.

Torsion spring
(a) (®) ©

Fig. 3. Clutch mechanism based on a planetary gear system: (a) neutral
state, (b) mesh with gear 1, and (c) mesh with gear 2.
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Fig. 4. Front track module: (a) gear diagram, (b) normal mode, and (c)
obstacle mode.
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2.3 Mechanical design

With the clutch mechanism, the front track can be driven
and rotated with a single motor. There are two paths to trans-
mit the torque generated by the motor as shown in Fig. 4(a).
The track module can rotate around the motor housing con-
nected to the robot body through the bearing. When the motor
rotates CCW, the normal mode is activated and the planet gear
engages with gear 1. As a result, the motor torque is transmit-
ted to the driving sprocket (gear ratio of 1.7:1) through path 1.
The belt connecting the driving sprocket to the idle sprockets
rotates CCW so the track module can go forward as shown in
Fig. 4(b).

When the robot encounters an obstacle, the rotational direc-
tion of the motor is changed to the CW direction and the
planet gear then meshes with gear 2. The torque transmitted to
gear 3, which is connected to the motor housing via path 2,
has a gear ratio of 7.6:1. Since the motor housing is connected
to the front leg, the track module rotates CCW relative to the
robot body as shown in Fig. 4(c). The obstacle mode needs a
higher torque than the normal mode, so the gear ratio is 4.5
times higher than that of the normal mode.

Compared to the front track module, the structure of the rear
track is simple. Instead of moving ahead and rotating itself, it
can move either forward or backward. However, the rear track
module must rotate itself when the MACbot is operated in the
obstacle mode. The recovery motor and clutch mechanism
helps to do that as illustrated in Fig. 5. During obstacle mode,
the torque of the recovery motor is transmitted to the rear track
module through the timing belt/pulley connected to the rear
track module as shown in Fig. 5(b). In addition, the recovery
motor is used to rotate the recovery arm and push on the
ground and recover its pose when the MACbot is flipped up-
side-down as shown in Fig. 5(c).

Most robots overcome an obstacle with forward movement,
and backward movement is required to change the desired
path when they encounter a corner. Replacing the function of
going backward of the front tracks with the function of their
rotation, the MACbot can easily overcome relatively high
obstacles for its size, while the number of the motors is main-
tained. The MACbot goes backward with the rear track mod-
ules by pulling the front track modules, because the clutches
allow the treads of the front tracks to crawl freely.
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Recovery arm

L Timing pulley to
\ rear track module

(2)

Fig. 5. Body design: (a) mechanical structure of body, (b) obstacle
mode, and (c) recovery mode.
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2.4 Prototype of MACbot

The fabricated MACbot capable of overcoming high obsta-
cles is shown in Fig. 6 and its specifications are listed in Table
1. The robot uses five BLDC motors equipped with speed
reducers and encoders. Two microcontroller processor units
(ATMega 128) with small motor driver ICs are used to control
the motors. To measure the distance between the robot and the
obstacle, two PSD sensors (GP2D120XJ00F) are mounted at
the front of the robot body. Three optical encoders are used to
provide the rotation angle of the four tracks around their piv-
ots. The 3-axis accelerometer (A7260 K638051) is also inte-
grated to measure the inclination angle of the body and the
direction of gravity. Considering the ratio of the height of the
stair (15 cm) to the height of the robot (17 c¢cm) is 0.88, the
MACbot can overcome a relatively high obstacle for its size.

3. Static analysis

3.1 Obstacle mode

It is very difficult for a small robot to overcome obstacles
such as stairs in the normal mode because there is not suffi-
cient friction between the tread and the ground. To cope with
this problem the robot switches from normal mode to obstacle
mode as shown in Fig. 7(a). The front track module simulta-
neously contacts the rising edge (contact point 4) and the
ground (contact point B) at the corner. The rear track module
contributes a force f; that pushes the front track module to-
ward the rising edge to increase the frictional force F,. The
required torque to climb an obstacle can be calculated by ap-
plying the force and moment balance equations.

At the rising edge, the front track module is subject to the
total reaction force F,. Thus, the force balance equation in the
x direction can be obtained by

Table 1. Specifications of MACbot.

Parameters MACbot
Size 27x49x17 cm
Total weight 4.1kg
Max. height of obstacle 18 cm
Speed in normal mode 0.5 m/s
Speed in obstacle mode 0.2 m/s
Ability in stair climbing 15cm in height
30cm in depth

Recovery arm Bluetooth module
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Fig. 6. MACbot: (a) prototype, and (b) internal parts.
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Fig. 7. Static analysis: (a) schematic diagram, and (b) required torque
of front track for different friction coefficient.

Fo=felmp =Ny + No)uy M

where 4 is the coefficient of kinetic friction, f; is the frictional
force of the front track at the contact point 4, and N; and N,
are the normal forces on the front and rear tracks, respectively.

As the front track rotates, the robot body inclines so the dis-
tributed mass of the body m,; and m,, at the two points Oy, O,
changes as follows:

_ dpcosy—hysiny

My = 2l cosy b (2)
_ Iy cos y—(dj cos y—hy sin y)
Mpy = 21 cos y ny

where d, (= 11 cm) and 4, (= 10 cm) are the distance and
height to the mass center, /, (=21 cm), m, (= 2.1 kg) and yare
the length, the mass and the inclination angle of the robot
body, respectively. From the moment balance at point O,, N,
can be given by

I, cosa
(my +my,)gl, cosy —(my, +mz)gﬂ:(lb cosy +’T +r)

Ni= l cosar, 3)
2

I
,ukr+,uf(lbcos;/+$+r)+(l,, cosy +

r(my +my, ) gy

! I
g 1y cosy + 2 )+ (1 cosy + )

where » (= 3 cm) is the radius of the driving sprocket, /, (= 18
cm) is the length of the track and « is the rotation angle of the
front track, respectively. Substituting Eq. (1) and (3) into Eq.
(4) yields the required torque 7y, to overcome the obstacle as
shown in the following equation:

lysina , lycosa ,
to =+ S i+ + ) f

I cosa I, sina
t N R

“4)

The torque 7y, required for the front track as a function of o
varies depending on the different values of 4 as shown in Fig.
7(b). For common conditions, the maximum torque (= 0.55
Nm) occurs at the start of the front track rotation if the friction
coefficient is 0.6 (normal condition for a tracked vehicle). The
maximum torque of the robot must be much higher than the
computed torque since factors such as internal friction were
neglected in the computation. In the actual system, each track
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Fig. 9. Recovery mode: (a) schematic diagram, and (b) torque response
as a function of rotation angle.
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Fig. 10. Sequence of recovery mode.

module consisted of a SW BLDC motor that provided a
maximum torque of about 1.7 Nm and 7.6 Nm for the normal
mode and obstacle mode, respectively. Fig. 8 shows that the
torque is enough to lift the robot body up in order to climb a
step.

3.2 Recovery mode

When the robot is overturned and no track is in contact with
the ground, the robot must reposition itself on its tracks. The
recovery motor rotates the recovery arm CCW as illustrated in
Fig. 9(a). From the moment balance at point C, the required
torque at point R can be described by the following:

Tr > mg(ly.cosg —I;sing) —myl; sin g

+Lmygldy.cosg— (I — hy)sin g] ©)
where /, (= 21cm) is the body length, /; (= 10 cm) is the leg
length, and ¢ 1is the rotation angle of the recovery arm. Fig.
9(b) shows the torque required to turn the robot body as a
function of ¢ . The maximum required torque is 3.2Nm.

In the actual system the torque of the recovery motor was
chosen as 3.75 Nm. As shown in Fig. 10, the MACbot can
stand by itself when it is overturned.

4. Stability analysis

When the MACbot encounters stairs, it changes its opera-
tion mode from normal to obstacle mode as explained in Sec-
tion 2.1. During this mode the contact configuration between
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the tracks and the ground changes and sometimes the robot
can roll over. Therefore, a safe working area must be consid-
ered for all changes in the climbing motion. The center of
mass (CM) of the MACbot is constantly changing and the
position of the CM depends on both the track angles (o and f)
and the body angle (). By using the feedback information
from the optical and acceleration sensors, all states of the ro-
bot can be described in real time. To conduct stable stair
climbing, two criteria are required: the stability of CM and the
moment balance during stair climbing as shown in Fig. 11. CF
and CR mean the center of the front and rear track modules,
respectively.

4.1 Stability of center of mass

The robot configuration related to the geometry of the stairs
is continuously calculated throughout the climbing process
until the robot completes its operation. For the stability analy-
sis shown in Fig. 12 (a), three types of information are used:
the rotating angles of the tracks; the distance from the robot to
the rising step edge; and the inclination angle of the body. The
CM can be obtained through the following relationship:

X,y =Xgp +d ,cO8y —h_, siny ©

ycm = y02 +dcmSin e +hcmcos e

where xg, and y, are the location of the CM of the rear track,
d.n, (=10 cm) and A, (= 3 cm) are the distance to and height
of the CM of the robot, respectively. To maintain the stable
motion, x,,, must be placed between the contact positions of
the front track (x(;) and the rear track (xc,).

Unstable
ClR ™ :'i CM region
‘} f Unstable
A GV 7 moment
; : region Stable
Y g h region
g mg ot 0

Coordinate of CM =fle, £, )

(a) (b)

Fig. 11. Stability criteria: (a) possible locations of CF, CM and CR, and
(b) diagram for stable region.

(@) (b)

Fig. 12. Schematic for geometry calculation for stair climbing: (a)
rotation process, and (b) lifting process.

In the next state (Fig. 12(b)), the robot starts to ride on the
stair edge. With the same approach stated above, the position
of the CM can be determined and the height of the obstacle
can be estimated by

L+2 .
Yor +reosa— (’Tr) sina

h

0

1-sina ™)

L.
Yor =r+%sinf+l, tany

where yo, is the y coordinate of the CM of the front track, r is
the track radius, and /, is the track length, /, is the length of the
robot body. «, fand yare the angles of the front track, the rear
track, and the robot body. « should be larger than 90° and
smaller than 180° (90° < < 180°) because (7) is derived
from the geometric analysis when the front tracks stand on the
upper step. After the front track fully stands on the upper step,
the rear track approaches and rides on the step edge to com-
plete the climbing process of the first step.

The CM can be fully managed and is determined to be in ei-
ther the stable region or the unstable region. By conducting all
geometric calculations for the complete stair climbing process,
all locations of the robot’s CM are obtained as shown in Fig.
13. The operation of the robot must stop at the unstable region.
As the obstacle height decreases, the unstable region also de-
creases. According to the analysis, the unstable region starts to
disappear when the obstacle height is 13cm, which means that
no danger of unstable motion exists for the robot operation.

4.2 Moment balance

After the front track of the MACbot is placed on the upper
step, the motor installed at the rear track applies the torque 7y,
to rotate the rear track. The reactive torque is then exerted on
the body at the point O, as shown in Fig. 14.

As the obstacle height increases, the anti-rollover torque 7,
contributed by the body weight and front track decreases. As
the distance between the CM of the body and the point O, gets
shorter, the robot becomes more likely to roll over. The
torques 7, and 7y, are given by

0.5
/_\0.4»
E 7 3 -
= 03} «— Stair riser
R
Q
© 02f .
% & Stair thread
0.1y = ooo Unstable points
r es+ Stable points
00302 00 0 01 02 03 04 05 06

Stair coordinate (m)

Fig. 13. Locations of the CM of the MACbot.
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Ta = (ml + mbl)glb Cos y (8)
Ty =(my +my,)gl /2 9

where m; (= 0.5 kg) and m, (= 0.45 kg) are the mass of the
front and rear tracks, and my, and m,, are the distributed mass
of the robot body at the front and rear tracks, respectively.

To prevent rollover, 7, must be larger than z,. When the
inclination angle of the body yincreases from zero to 90°, the
behavior of 7, and 7y, varies as shown in Fig. 15. If y is
smaller than a critical value of - or the obstacle height is
smaller than a certain value /;;,,;, the robot can avoid rollover.
The maximum value of /;,,; is 13cm and it can be obtained by

Mimic =1p siny ¢ (10)

where [, = 21cm and y- = 43°. From the analysis explained
above, the obstacle can be classified into two cases: the low
obstacle whose height is lower than 13 cm and the high obsta-
cle whose height is higher than 13 cm. The rollover problem
never occurs for a low obstacle.

5. Autonomous stair climbing

The MACbot can climb stairs autonomously by executing
the proposed scheme based on information provided by the
sensors. Furthermore, a stability analysis is incorporated into
the autonomous stair climbing algorithm to guarantee the sta-
ble motion of the robot. It is very important to know the geo-
metric information of the stair because this directly affects the
success of stair climbing.

Mass center for both P
body and front track =~

» I - g !
B T2 N l
) N,
0, \ &, 1y
“(maytms)g (matmag)g

Fig. 14. Free body diagram for MACbot.
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Fig. 15. Moment condition for anti-rollover.

Fig. 16 shows the sequence of robot motions. At the begin-
ning the robot moves close to the stair. The PSD sensor con-
tinuously provides the distance between the robot and the stair.
When the distance to the step riser becomes smaller than 60
cm, the rear tracks rotate 110° to avoid the unbalanced mo-
ment condition as shown in Fig. 16(a). At the next step, when
the distance is smaller than half of the track length, the front
tracks rotate 200° to ride on the upper step as shown in Fig.
16(b) and (c). At a 90° front track angle (Fig. 16(b)), the step
depth d; can be obtained as the difference between the dis-
tance d measured by the PSD sensor and the track radius r.

When the front tracks fully stand on the upper step, the step
height can be estimated by Eq. (7). After placing itself on the
upper step, the robot moves a distance of d, before the rear
tracks start rotating to ride on the upper step as shown in Fig.
16(c) and (d). The inclination angle of the robot body » should
be smaller than y (= 43°) throughout all stages in order to
avoid rollover. Furthermore, the rotation angle of the front and
rear tracks must be controlled to guarantee that the distance
between the two contact points C; and C,is shorter than the
stair depth d. If d is shorter than the distance between C; and
C,, then the control algorithm is slightly modified to adapt the
stairs because the rear tracks cannot stand on the same step on
which the front tracks stand. Then, as shown in Fig. 16(e), the
rear and front tracks simultaneously rotate until the front
tracks fully ride on the upper step. After this step a new se-
quence of operations are repeated from stage 2 as described in
Fig. 16(f). Without any obstacles within 30 cm, the MACbot
switches the obstacle mode to the normal mode. All opera-

Stage 3 Stage 4
© (d)
. 0/ §
VK o Y
B
29 e
Stage 5 Stage 6
(® ®

Fig. 16. Sequence of autonomous stair climbing movements.
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(a) (b)

Fig. 18. Different shapes of stairs: (a) medium-size stair, and (b) small-
size stair.

tions will be halted if the stability condition is not met.

To verify the performance of the stair climbing algorithm of
the MACbot, various experiments were conducted for au-
tonomous stair climbing. The size of the stairs used in this
experiment was 15cm by 30cm by 50cm for the height, depth
and width, respectively. Fig. 7 shows the sequence of move-
ments for autonomous stair climbing. The experimental results

demonstrate that the MACbot can climb stairs reasonably well.

The MACbot can climb the stairs in different ways for a dif-
ferent size, as shown in Fig. 18. For example, if the MACbot
climbs the medium-size stairs as shown in Fig. 18(a), the stair
climbing strategy is similar to the previous case, but the rear
tracks are placed two steps lower than the upper step on which
the front tracks stand. On the other hand, if the MACbot
climbs the small-size stairs as shown in Fig. 18(b), the
MACDbot can climb it using the normal mode.

6. Conclusion

In this research, a multi-active crawler robot was proposed
and an autonomous stair climbing algorithm was successfully
implemented. The stability algorithm for stair climbing always
ensures that the center of mass of the MACbot will be placed
in the stable region. This algorithm greatly improves the con-
trollability of the MACbot, which reduces the burden of the
operator to control the robot for stair climbing. From this re-
search the following conclusions were drawn.

(1) The MACbot can travel with four driving tracks, and

sometimes these tracks can be rotated to overcome ob-

stacles.

(2) By using a clutch based on a planetary gear system, the
MACbot provides three different modes: normal mode,
obstacle mode and recovery mode.

(3) When it is flipped upside-down, the recovery arm can
help it to reposition the robot right-side-up and it can
continue to perform its mission without human inter-
vention.

(4) Considering the ratio of robot height to obstacle height,
the MACbot can overcome a relatively high obstacle
for its size.

(5) The MACbot can accomplish complicated tasks such as
autonomous stair climbing.

The robot is able to travel over a vast variety of outdoor and
indoor terrains. In certain catastrophes, such as landslide,
earthquake or building collapse, the robot can be used to res-
cue or search for missing persons.
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