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Abstract

In this paper, we propose a decentralized control algo-
rithm of multiple mobile robots transporting a single
object in coordination. In this algorithm, each robot is
controlled as if it has a caster-like dynamics and trans-
ports a single object in coordination with other robots
without using the geometric relations among robots.
The proposed control algorithm is experimentally ap-
plied to multiple mobile robots. Experimental results il-
lustrate the validity of the proposed control algorithm.

1 Introduction

When we would like to transport a large and heavy ob-
ject, we carry it in cooperation with other people. To
utilize multiple robots in coordination is a natural ex-
tension of such human behavior to the robots. In this
paper, we propose a decentralized control algorithm of
multiple mobile robots transporting an object in coor-
dination like humans. Much research has been already
done for the motion control of multiple robots handling
an object in coordination [1]-[6]etc.

Most of these control algorithms have been designed
under the assumption that the force/moment applied
to a representative point of the object is available and
geometric relations among the robots and the repre-
sentative point are known precisely. The geometric re-
lations are required to implement these algorithms to
robots. However, it is not easy to know the geomet-
ric relations among them precisely, especially when the
robots handle an unknown object in coordination.

When we consider coordination of multiple mobile
robots, it is not easy to know the geometric relations
among them. Errors in position and orientation of
each robot detected by a dead reckoning system are
inevitable because of the slippage between wheels and
the ground. Even if we knew the geometric information
of the object, the motion relations among the robots
could not be kept precisely any more because of the
errors included in position/orientation information of
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Figure 1: Real Caster

each robot.

To overcome these problems, we have proposed a mo-
tion control algorithm of multiple mobile robots with-
out using the geometric relations among robots [7]. In
this algorithm, each robot is controlled as if it has a
caster-like dynamics as shown in Figure 1 and trans-
ports an object in coordination with other robots. How-
ever, it is difficult for this algorithm to be applied to
mobile robots more than three. The motion of an ob-
ject could be constrained completely, when each robot
have slippage between its wheels and the ground during
a transportation of an object.

In this paper, we extend the caster-like dynamics pro-
posed in [7] and propose a decentralized motion con-
trol algorithm, which could be applied to mobile robots
more than three, even if each robot have slippage be-
tween its wheels and the ground during a transportation
of an object. The proposed control algorithm is experi-
mentally applied to three autonomous omni-directional
mobile robots and the experimental results illustrate
the validity of the proposed control algorithm.

2 Caster-like Motion

In this section, we consider the transportation of a sin-
gle object by multiple holonomic mobile robots in coor-
dination without using the geometric relations among
robots. We have proposed the leader-follower type con-
trol algorithms of multiple holonomic mobile robots to
transport a single object in coordination [5],[6]. How-



ever, these control algorithms have been designed based
on the assumption that the geometrical relations be-
tween robots and the representative point of the object
or among robots are precisely known.

The dead reckoning system of a mobile robot is not
so reliable for these robots in a working environment
we consider in this paper. We could not position each
robot precisely and could not apply the same control
principle proposed in [5],[6], unless the coordinate sys-
tems among robots are calibrated in real-time during
the transportation of an object. The control system
has to be redesigned robust against the inevitable po-
sitioning error of each robot.

We have proposed the decentralized motion control al-
gorithm of multiple mobile robots [7]. In this algorithm,
each robot is controlled as if it has a dynamics of a
caster wheel as shown in Figure 1 and transports an
object in coordination with other robots without using
the position/orientation information of other robots.

In the case using two mobile robots, all of the motion
of an object supported by two mobile robots is charac-
terized by a rotational motion of the object around a
certain point based on the heading direction of caster
wheel as shown in Figure 2(a) [7].

In the case using mobile robots more than three, the
motion of an object supported by multiple mobile
robots is characterized by two kinds of the motion based
on the heading direction of caster wheel. One is a ro-
tational motion of the object around a certain point as
shown in Figure 2(a). The other is that a motion of
the object is constrained as shown in Figure 2(b) since
each robot could not move along the direction of wheel
axis.

If the motion of an object supported by multiple robots
is a rotational one around a certain point, each robot
could transports a single object in coordination with
other robots using the algorithm proposed in [7]. How-
ever, if the motion of an object supported by multiple
robots is constrained, multiple mobile robots could not
transport an object in coordination.

To overcome this problem, we extend the caster-like dy-
namics proposed in [7] and propose a decentralized mo-
tion control algorithm of multiple mobile robots trans-
porting a single object in coordination without position
information of each robot.

3 Velocity-based Caster-like Motion

In this section, let us consider the motion of a real caster
as shown in Figure 1 to implement the caster-like mo-
tion to a mobile robot. A caster consists of a wheel,
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a free rotational joint and a wheel support, which con-
nects the wheel and the joint.

In the algorithm proposed in [7], each robot is con-
trolled as if it has a dynamics of a caster wheel. There-
fore, each robot could not move the direction of caster
wheel axis. In this paper, we consider that each robot
is controlled as if it has a dynamics of a free rotational
joint to generate velocity in all directions.

To realize a dynamics of the free rotational joint, we
define three coordinate systems as shown in Figure 3; a
base coordinate system bΣk, a robot coordinate system
rΣk and a caster coordinate system cΣk. The origins of
these coordinate systems are located at the center of the
force/torque sensor. The subscripts k = l, i indicate
the leader and the i-th follower respectively.
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The base coordinate system is fixed to the mobile robot.
The orientation of the coordinate system is not changed
even if the orientation of the mobile robot changes.
The mobile robot coordinate system is fixed to the mo-
bile robot and moves together with the robot. The
force/moment applied to the robot is measured in this
coordinate system. Let rθk be the rotational angle of
the robot coordinate system with respect to the base
coordinate system as shown in Figure 3.

The caster coordinate system rotates around its origin
to mimic the free rotational motion of caster support.
The direction of x-axis of the caster coordinate system
is defined as the heading direction of the caster wheel.
Let cθk be the rotational angle of the caster coordinate
system with respect to the base coordinate system as
shown in Figure 3.

A velocity-controlled servomotor drives each wheel of
the omni-directional mobile robot and we assume that
each wheel rotates with a specified angular velocity. We
could generate the translational motion of the caster
wheel based on the force applied to the robot as follows;

tranDl
c∆ẋl + tranKl

c∆xl = cfxl

= (rfxl − rf in
xl ) cos(

cθl − rθl)
+ (rfyl − rf in

yl ) sin(
cθl − rθl) (1)

tranDi
c∆ẋi + tranKi

c∆xi = cfxi

= (rfxi − rf in
xi ) cos(

cθi − rθi)
+ (rfyi − rf in

yi ) sin(
cθi − rθi) (2)

where the subscripts l and i indicate the leader and
the i-th follower respectively. tranDl,

tranDi ∈ R are
positive damping coefficients and tranKl,

tranKi ∈ R
are positive stiffness coefficients. ∆xl, ∆xi ∈ R are
the trajectory deviations of the robots according to the
force applied to the robot cfxl,

cfxi ∈ R along x-axis of
the caster coordinate system. rf in

xl ,
rf in

yl , rf in
xi , rf in

yi ∈
R are the specified internal forces applied to the object
by the robots with respect to the k − th mobile robot
coordinate system.

Let cxdl,
cxei ∈ R be the desired trajectories of the

leader and the i-th follower respectively and cxl,
cxi ∈

R be the real trajectories of the leader and i-th fol-
lower respectively. Then, the trajectory deviations of
the robots are expressed as follows;

c∆xl = cxl − cxdl (3)
c∆xi = cxi − cxei (4)

To mimic the motion of the wheel support, we obtain
the angular velocity of the caster coordinate system cθ̇k

using the following equation and make the caster coor-
dinate system rotate around its origin based on this.

castDl
c∆θ̇l + castKl

c∆θl =
1
rl

cfyl

=
1
rl
{−(rfxl − rf in

xl ) sin(
cθl − rθl)

+ (rfyl − rf in
yl ) cos(

cθl − rθl)} (5)

castDi
cθ̇i =

1
ri

rfyi

=
1
ri
{−(rfxi − rf in

xi ) sin(
cθi − rθi)

+ (rfyi − rf in
yi ) cos(

cθi − rθi)} (6)

where castDl,
castDi ∈ R are positive damping coeffi-

cients and castKl ∈ R is a positive stiffness coefficient.
rl, ri are the caster offsets as shown in Figure 1, and
cfyl,

cfyi ∈ R are the forces applied to the robot along
y-axis of the caster coordinate system.

∆θl ∈ R is the direction deviation of the caster coordi-
nate system according to the force applied to the leader
cfyl ∈ R along y-axis of the caster coordinate system.
Let cθdl ∈ R be the desired direction of the caster co-
ordinate system of the leader and cθl ∈ R be the real
direction of the caster coordinate system of the leader.
The direction deviation of the caster coordinate system
of the leader is expressed as follows;

c∆θl = cθl − cθdl (7)

To realize the caster-like motion around free rotational
joint, we generate the motion of the robot based on
the angular velocity of the caster coordinate system as
follows;

cẏl = rl
cθ̇l (8)

cẏi = ri
cθ̇i (9)

When the robot holds the object rigidity, the kinematic
relation between the robot and the object is kept un-
changed. Each robot has to generate the motion of the
free rotational joint. For this purpose, the rotational
motion of each robot is controlled so as to have the fol-
lowing dynamics based on a moment nl, ni ∈ R applied
to the leader and i-th follower.

rotDl∆r θ̇l + rotKl∆rθl = rnl (10)
rotDi

r θ̇i = rni (11)

where rotDl,
rotDi ∈ R are positive damping coeffi-

cients and rotKl ∈ R is a positive stiffness coefficients.
r θ̇i ∈ R is the real angular velocity of the i-th follower.

Let rθdl ∈ R be the desired orientation of the leader and
rθl ∈ R be the real orientation of the leader. The ori-
entation deviation of the leader ∆rθl ∈ R are expressed
as follows;

r∆θl = rθl − rθdl (12)

It should be noted that the relative angle between rθk

and cθk is independent of rθk.



4 Transportation by Multiple Mobile Robots

In this section, we consider how the followers estimate
the desired trajectory given to the leader. When the
number of the followers is more than two, it is impos-
sible for the i-th follower to estimate the desired tra-
jectory of the leader by using the estimation algorithm
proposed in [7], because the trajectory deviation of the
i-th follower is affected by motion of all of other robots.

In this situation, the robots are classified into two
groups as shown in Figure 4; one is the i-th follower
itself and the other is the rest of the robots including
the leader. We refer to the rest of the robots as the
i-th virtual leader for the i-th follower. For the i-th fol-
lower, the i-th virtual leader behaves as if it was a real
leader. Using the concept of the virtual leader, the i-th
follower estimates the desired trajectory of the i-th vir-
tual leader based on the estimation algorithm proposed
in [7]

We consider how the i-th follower estimates the desired
trajectory of the i-th virtual leader along the x-axis of
the caster coordinate system of i-th follower. Under the
assumption that the external force applied to the object
is negligible and the leader and followers are controlled
using the same parameters, that is,

tranD = tranDl = tranDi (13)
tranK = tranKl = tranKi (14)

We have the following relations with respect to the
forces applied to each robot;

bflx +
n∑

j=1

bfjx = 0 (15)

bfly +
n∑

j=1

bfjy = 0 (16)

where variables with subscript b indicate that the vari-
ables are with respect to the base coordinate system of
each robot. It should be noted that the base coordinate
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system of each robot is the same orientation as the base
coordinate system attached to the ground.

We rewrite the dynamics of the i-th follower expressed
in eq.(2) as follows with respect to the caster coordinate
system of the leader.

tranD cos(cθi − cθl)∆ẋi

+tranK cos(cθi − cθl)∆xi = cos(cθi − cθl)cfxi

(17)

From eq.(1), (15) and (17), we obtain the following re-
lation;

tranD


c∆ẋl +

n∑
j=1

cos(cθj − cθl)c∆ẋj




+tranK


c∆xl +

n∑
j=1

cos(cθj − cθl)c∆xj


 = 0

(18)

As time tends to infinity, we obtain the following re-
lationship from eq.(18) with the positive definiteness
of the damping coefficient and the stiffness coefficient,
even if the initial values of c∆xl+

∑n
j=1 cos(θj−θl)c∆xj

is not zero.

c∆xl +
n∑

j=1

cos(θj − θl)c∆xj = 0 (19)

We can derive the dynamics of the i-th virtual leader
as follows;

tranD


c∆ẋl +

n∑
j=1(j �=i)

cos(cθj − cθl)c∆ẋj




+tranK


c∆xl +

n∑
j=1(j �=i)

cos(cθj − cθl)c∆xj




= cflx +
n∑

j=1(j �=i)

cos(cθj − cθl)cfjx (20)

where

n∑
j=1(j �=i)

cj =
i−1∑
j=1

cj +
n∑

j=i+1

cj (21)

The trajectory deviation of the i-th virtual leader ∆cxli

is expressed as follows;

c∆xli = c∆xl +
n∑

j=1(j �=i)

cos(cθj − cθl)c∆xj (22)



From Figure 5, we can derive the relation of the tra-
jectory deviation between the i-th virtual leader and
the i-th follower with respect to the caster coordinate
system of the i-th follower as follows;.

c∆xi − c∆xli cos(cθi − cθli)
= cxdli cos(cθi − cθli)− cxei (23)

Eliminating c∆xli from eq.(19) and (23), we obtain the
estimation error along the x-axis of the caster coordi-
nate system of the i-th follower c∆xdi as follows;

c∆xdi = cxdl cos(cθi − cθl)− cxei

= 2Ui
c∆xi (24)

where, Ui is expressed as follows;

Ui =
1
2
{1 + cos(cθi − cθl) cos(cθi − cθli)} (25)

If the i-th follower could calculate Ui, the i-th follower
could estimate the trajectory precisely from eq.(24) us-
ing the algorithm proposed in [7]. However, the i-th
follower could not calculate the estimation error c∆xdi

because the follower does not know the orientation of
the leader θl. We design the estimator based on the
estimation error expressed by the following equation
instead of using eq.(24).

c∆x̃di = 2 c∆xi (26)

Form eq.(24) and (26), c∆x̃di is expressed as follows;

c∆x̃di =
1
Ui

c∆xdi (27)

Let us consider how cxdi is estimated using c∆x̃di. Let
Gi be the transfer function, which estimates cxdi as cxei

based on c∆x̃di as shown in Figure 6(a). From eq.(24),
Figure 6(a) can be rewritten as a feedback system as
shown in Figure 6(b). To eliminate the steady-state po-
sition and velocity estimation errors, the transfer func-
tion Gi is designed as follows;

Gi =
ais+ bi

s2
(28)
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By designing Gi to keep the stability of this system for
any Ui, the follower can estimate the desired trajectory
of the leader. The stability of the system is guaranteed
as long as Ui > 0 and the estimation parameters ai > 0
and bi > 0 are satisfied. When each robot is controlled
by using adaptive caster action proposed in [7], Ui > 0
apparently.

5 Experiments

We did experiments using three autonomous omni-
directional mobile robots, ZEN developed by RIKEN
[8] as shown in Figure 7. Each mobile robot has three
degrees of freedom of motion and equipped with the
Body Force Sensor [9] and the fork lift system, and
was driven by a DC servo motor controlled by a veloc-
ity servo driver. The control algorithm explained in the
previous section was implemented using VxWorks. The
sampling rate of each ZEN was 1024[Hz].

In this experiment, we gave an initial orientation of
the caster coordinate system to each robot as shown
in Figure 8(a). Then, the leader was given the desired
trajectory along x-axis of the object coordinate system
as shown in Figure 8(a), which was calculated by a fifth
order polynomial of time.

When the leader began to move along x-axis of the
object coordinate system, the leader applied the force
along x-axis of the object coordinate system to each

Figure 7: Experimental System



x

y

x

y

x

y

x

y

leader

follower

follower

x

y

x

y

x

y

x

y

leader

followerfollower

(a) (b)
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Figure 9: Experimental Results

follower through the object. The caster coordinate sys-
tem of the follower rotated instantaneously as shown in
Figure 8(b) using the adaptive caster action proposed
in [7] and each follower transported a single object in
coordination with the leader without the position infor-
mation among robots. The results are shown in Figure
9. The transportation of a single object by three mobile
robots in coordination was achieved successfully.

6 Conclusion

In this paper, we proposed a decentralized motion con-
trol algorithm of multiple mobile robots transporting a
single object in coordination. In this algorithm, each
robot is controlled as if it has a caster-like dynamics
and transports a single object in coordination without

using the information of the geometric relations among
robots. The proposed algorithm was experimentally ap-
plied to three mobile robots and the experimental re-
sults illustrated the validity of the proposed algorithm.
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