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Abstract�We have proposed a self-reconÞgurable parallel
robot, which can be conÞgured to 4R and 5R closed kinematic
chains. This paper proposes a parallel mechanism mobile robot
by mounting it on a crawler mechanism. The combined mobile
robot can gain some useful functionalities from the advantage
of its parallel mechanism other than just locomotion, such as
getting over a bump by control of its center of gravity and
carrying an object by making use of its shape. Furthermore,
the robot can form three-dimensional structures with other such
robots and reach a certain height in which the single one cannot.
We have developed two such robots that are self-contained. This
paper analyzes the motions of the functionalities and veriÞes
them experimentally using the robots.

I. INTRODUCTION

The objective of this study is to develop a simple but useful

robot. Such a robot is less expensive and more mechanically

reliable than a complex robot. A group of such robots could

accomplish more than what a single complex robot could do.

For an example of such a robot, we have developed a self-

reconÞgurable parallel robot, which can be conÞgured to 4R

or 5R closed kinematic chain [1].

This paper proposes a parallel mechanism mobile robot by

mounting the self-reconÞgurable parallel robot on a crawler

mechanism. The combined robot is still simple and can gain

useful functionalities other than just locomotion, such as

getting over a bump and carrying an object by making use of

its shape. Furthermore, the robot can form three-dimensional

structures with other such robots and reach a certain height in

which the single one cannot.

Work has been done to make mobile robots more useful.

Mobile robots on which one or two serial manipulators are

mounted are studied [2] [3] [4]. Several researchers proposed

mobile six-DOF parallel manipulators [5] [6] [7]. Each leg

of the robot is mounted on a mobile platform, which allows

the robot to locomote horizontally. Asama developed a mobile

robot equipped with a forklift mechanism that can lift up

another such robot [8]. Hirose developed �HELIOS-II�, which

has a mechanism for carrying an object steadily [9].

The proposed parallel mechanism mobile robot is simple

and has the functionalities mentioned above. A group of them

would be able to have more functionalities. We have developed

two such robots that are self-contained. This paper analyzes the

motions of the functionalities and veriÞes them experimentally

using the robots.

II. 4R AND 5R PARALLEL MOBILE ROBOTS

Figure 1 shows our parallel mechanism mobile robot. This

robot consists of crawler and parallel mechanisms. The latter

is mounted on the former. The parallel mechanism is self-

recoÞgurable as shown in Figure 2 [1]. It can form the 5R

and 4R closed kinematic chains (B) and (C) through the open

kinematic chain (A). The number of actuators is two, which

is equal to the number of DOFs when the robot takes the

closed kinematic chains (B) and (C). Therefore, the open

kinematic chain (A) is underactuated but we showed that it

can be controlled to self-reconÞgure to (B) and (C).

For the 4R closed kinematic chain, only one actuator (τ1 in

(C)) drives it and the other actuator (τ4) drives the one-DOF

open link attached to it. By forming the 0 DOF conÞguration

in (D), it can also maintain its shape without consuming power.

Crawler

Parallel mechanism

(A) (B)

0.485 [m]

Fig. 1. (A) 4R and (B) 5R parallel mobile robots

The robot can locomote and work with either the 4R or 5R

conÞguration. We also showed that the 5R conÞguration can

roll by itself and proposed a dynamic control algorithm [10],

which is useful to recover when the robot falls over (Figure

3). We have developed two such robots. Hereafter, the parallel

mechanism mobile robot with the 4R (5R) closed kinematic

chain is referred to as the 4R (5R) robot.

Three useful functionalities of the parallel mechanism mo-

bile robot are described next.

A. Getting over a vertical bump

Figure 4 shows a typical sequence for a crawler robot to get

over a vertical bump. The robot raises its front end as shown
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Fig. 2. Self-reconÞgurable robot

Fig. 3. Recovering motion

in (A). After the bottom of the crawler is on the edge of the

bump in (B), the robot moves forward to get over the bump

in (C).

In (A), friction is necessary in the vertical direction. There-

fore, the crawler requires a large driving force in the horizontal

direction. Furthermore, Figure 5 shows a difÞcult situation due

to an overhang.

Friction  force
Direction

(A) (B) (C)

Fig. 4. Sequence of passing over steps

Fig. 5. DifÞcult situation due to an overhang

This paper presents a new sequence in Figure 4 for the 5R

robot to reach (B) without relying on friction. We assume that

the crawler is upside-down and trapezoidal, which is often the

case. Figure 6 shows the proposed sequence in which the robot

raises its front end by making use of its crawler and parallel

mechanism. In (A), the robot shifts its COG by changing the

shapes of the parallel mechanism Þrst. Acceleration by the

crawler enables the robot to raise its front end easily. Section

III describes this dynamic motion strategy.

(A) (B) (C)

Fig. 6. Sequence of raising front end

B. Going up to a high level

Figure 7 shows a cooperative motion of the 4R and 5R

robots. The open link of the 4R robot forms a slope on which

the 5R robot goes up. Then the 4R robot elevates the 5R

robot. The 5R robot is then able to reach a height in which

it cannot reach by itself. Section IV shows a static analysis

of this motion to evaluate necessary joint torques of the 4R

robot.

Fig. 7. Going up to a high level

C. Carrying an object

The parallel mechanism of the robot is also useful in

carrying an object as shown in Figure 8 (A), (B) and (C).

The 5R robot can hold an object in (B) and two robots can

cooperatively carry a large object in (C).

Fig. 8. Carrying objects

III. GETTING OVER A BUMP

A. Analysis of raising the front end

To raise the front end, the robot needs to move from (A)

to (B) in Figure 9. In (B) the edge R of the crawler is on the

ground. For static stability in (B), the COG of the robot needs

to be in the region (b�) of (B).

First consider the question whether or not the robot can

move from (A) to (B) statically. If the COG is in the region

(b) of (A), the robot can move to (B). However, if it is in the

region (c�) of (B) when the robot reaches (B), the robot falls



over as shown in (C). To avoid this, the COG must be in the

intersection of (b) and (b)� as shown in (D) or the robot must

quickly shift its COG from (b) to (b�) until it reaches (B). The

area of the intersection (b) and (b�) is often small.

Acceleration by the crawler is a better way. If the ZMP,

instead of the COG is in the region (b) of (A), the robot can

move from (A) to (B). Therefore the COG can be anywhere

in the region (b�) of (D). The area of (b�) is much larger than

that of the intersection of (b) and (b�).

Let i be the link number and i = 0 represents the crawler.
The ZMP of the robot xzmp, shown in 9 (E), is given by

xzmp =
∑4

i=0 mi{xi(z̈i + g) − ziẍi}−
∑4

i=0 Iiω̇i∑4
i=0 mi(z̈i + g)

(1)

where mi and Ii are the mass and the inertia moment of link i,
respectively, (xi, zi) are the x and z coordinates of the COG
of link i, ωi is the angular velocity of link i, and g is the
acceleration of gravity.

For simplicity, assume that the parallel mechanism has no

relative motion to the crawler which moves only horizontally.

Then the accelerations of the links are equal to that of the

crawler.

ẍ1 = ẍ2 = ẍ3 = ẍ4 = ẍ0, (2)

z̈1 = z̈2 = z̈3 = z̈4 = z̈0 = 0, (3)

ω̇i = 0. (4)

Therefore, Eq. (1) is simpliÞed as

xzmp = xG − zG

g
ẍ0 (5)

where

xG =
1
M

4∑

i=0

mixi, yG =
1
M

4∑

i=0

miyi : M =
4∑

i=0

mi, (6)

and ẍ0 is the acceleration of the crawler which can be given.

To start to move from (A) to (B),

xzmp > xt, (7)

where xt is the x coordinate of the bottom edge of the crawler.

B. Experiment of raising the front end

We verify this ZMP analysis experimentally. According to

Eqs. (5) and (7), given ẍ0 and zG, the robot starts to move

from (A) to (B) when

xG = xt +
zG

g
ẍ0 (8)

We set zG = 0.11, 0.12, 0.13, 0.14 and 0.15, and the

acceleration of the crawler ẍ0 = −6.85 m/s2. Table I shows

physical parameters of each link and the crawler. xt = 0.2m.
Figure 10 shows experimental results of the COGs (xG zG)

of the robot with which it starts to move. The solid line is the

line of Eq. (8). The experimental results show that the ZMP

analysis is valid.
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Fig. 9. Condition for the wheelie motion

TABLE I

PHYSICAL PARAMETERS OF EACH LINK

l1 0.25 m lc1 0.125 m m1 1.01 kg

l2 0.25 m lc2 0.175 m m2 1.37 kg

l3 0.25 m lc3 0.175 m m3 1.37 kg

l4 0.25 m lc4 0.097 m m4 1.08 kg

l0 0.25 m lc0 0.125 m m0 3.47 kg

C. Experiment of getting over a bump

We experimentally verify that the 5R robot can get over a

bump 0.1m high by raising its front end dynamically. Figure

11 shows snapshots of the robot. The robot can raise its front

end and get over the bump.

IV. THE MOTION OF GOING UP TO A HIGH LEVEL

A. Static force analysis

This section analyzes the statics of the 4R robot elevating

another robot as described in Section II-B. This analysis is

necessary to see if the 4R robot can actually elevate the 5R

robot of 8.3kg within the maximum joint torque of its actuators

which is 13.5Nm.
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Fig. 10. Experimental result



time = 0 [s] time = 2.0 [s]

time = 6.0 [s] time = 10.0[s]

time = 3.0 [s] time = 5.5 [s]

Fig. 11. Snapshots of the getting over experiment

When link 4 is in contact with the ground as shown in

Figure 12 (A) and (B), two actuators of the 4R robot can be

used to elevate a robot. link 4 loses contact with the ground

at a certain angle of θ2. In such a situation, only one actuator

τ1 elevates a robot.

2θ 4τ
1τ

2θ
b
l

No contact
(A) (B) (C)

link 1
link 2

link 3

link 4

:Actuated joint

Fig. 12. The elevating sequence

To simplify the analysis, we assume that COG of a robot

elevated is at the center of link 1 and that the COG of each

link is at its geometrical center (see Figure 13). Normally

the friction between a crawler and the ground is sufÞcient.

Therefore we assume that the crawler of the 4R robot is

stationary on the ground.

Notations are as follows:

fxi, i = 1, 2, 3: force exerted by joint i in the x direction,
fzi, i = 1, 2, 3: that in the z direction,
Ld: mass of a robot elevated,

µs: coefÞcient of static friction between link 4 and the ground,

N : reaction force from the ground,

θt: the angle between link 4 and the ground.

For joint 4, fx4j and fz4j , j = 1, 3, and 4, are the forces
on link j exerted by joint 4 in the x and z directions,

respectively(see Figure 13 (C)).

The force equilibrium equation of link 1 is given by

fx1 + fx41 = 0 (9)

−m1g − Ldg + fz1 + fz41 = 0 (10)

The moment equilibrium equation of link 1 about the COG of

link1 is
(−fz1 + fz41)

l1
2

+ τ1 = 0 (11)

The force and moment equilibrium equations of link 2

through link 4 are given in Appendix.

The force equilibrium equation of joint 4, shown in Figure

13 (C), is given by(
fx41

fz41

)
+

(
fx43

fz43

)
+

(
fx44

fz44

)
= 0 (12)

The number of these constraints is 14. There are 15 un-

knowns, which are forces in the x direction
fx1, fx2, fx3, fx41, fx43, fx44,

forces in the z direction:
fz1, fz2, fz3, fz41, fz43, fz44,

the reaction force from the ground: N , and joint torques : τ1

and τ4.

When link 4 is not in contact with the ground as shown in

Figure 12 (C),

N = 0 (13)

Therefore τ1 is determined uniquely. When link 4 is in contact

with the ground, however, there are more unknowns than

constraints, which means that τ1 and τ4 can be selected. In

this paper for simplicity

τ1 = τ4 (14)

Eq. (9) through (14) and Eq. (16) through (24) can be rewritten

in vector-matrix form as

U


 f

N
τ


 = p ∈ R15×1, (15)

where

U ∈ R15×15,

f = (fx f z)
T ∈ R12×1,

fx = (fx1 fx2 fx3 fx41 fx43 fx44)T ,

fz = (fz1 fz2 fz3 fz41 fz43 fz44)T ,

τ = (τ1 τ4)T ∈ R2×1,

p = (0 (m1 + Ld)g m2g m3g m4g 0)T ∈ R15×1.

Assuming that U is non-singular, the joint torques τ can be

obtained.

First we determine the angle θ2 at which link 4 loses contact

with the ground, assuming that the 4R robot elevates a robot

of up to 12kg, 1.5 times as heavy as the 5R robot. Figure 14

shows the joint torque τ1 as a function of θ2 when N = 0.
The angle of θ2 should be greater than 73deg so that |τ1| is
less than the maximum joint torque 13.5Nm. This condition

is met if link 4 is longer than 0.329m.
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Fig. 14. Necessary joint torque to elevate 12 kg robot

Figures 15 shows necessary joint torques of τ1(= τ4) for
µs = 0.1, 0.5, and 1.0 when link 4 is in contact with the
ground. In (A) the mass of a robot elevated is Ld = 8.3kg
and in (B) Ld = 12.0kg. The stopper, shown in Figure 13
(D), limits the range of θ2 as θ2 ≥ 25deg. Figure 15 (A)
shows that the 4R robot can elevate the 5R robot of 8.3 kg if

µs ≤ 1.0, while (B) shows that it can elevate a 12 kg robot
only when µs ≤ 0.1. Installing a small wheel to the end of
link 4 can easily reduce µs.

B. Experiment

We verify experimentally that the 5R robot can reach 0.4m

height with the assistance of the 4R robot. Figure 16 shows

the experimental result.

V. CONCLUSION

This paper proposed 4R and 5R parallel mechanism mobile

robots. We verify that the 5R robot can get over a bump 0.1m

high by controlling its center of gravity and acceleration by

its crawler mechanism. We also verify that the 4R robot can

elevate the 5R robot to a level 0.4m high.

A group of them could do more. For example, a group of the

4R and 5R robots could form three-dimensional structure, as

shown in Figure 17. �Quadlator�, a quadruped robot developed

in our laboratory for whole body manipulation [11], could gain

its workspace in three-dimensional space.
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Fig. 17. Forming three-dimensional structure and cooperating with Quadlator

APPENDIX

We derive force and moments balance equations of link 2

through link 4.

The force and moments balance equations of link 2 can be

described as:

−fx1 + fx2 = 0 (16)

−m2g − fz1 + fz2 = 0 (17)

{(fx1 + fx2)s2 − (fz1 + fz2)c2} l2
2
− τ1 = 0. (18)

These equations of link 3 are

fx3 + fx43 = 0 (19)
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Fig. 16. Snapshots of the experimental result

−m3g + fz3 + fz43 = 0 (20)

{(fx3 − fx43)s2 − (fz3 − fz43)c2} l3
2
− τ4 = 0. (21)

These equations of link 4 are

fx44 + µsN = 0 (22)

−m4g + fz44 + N = 0 (23)

{(µsN − fx44)st + (N − fz44)ct} l4
2

+ τ4 = 0, (24)

where c2 and s2 stand for cos θ2 and sin θ2, and ct and st

stand for cos θt and sin θt, respectively.
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