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Abstract— In this paper, we present a cooperative object
transportation strategy for a pair of nonholonomic vehicles.
We demonstrate via experiments that cooperative robots can be
used to autonomously transport an object that is too heavy or
cumbersome for a single robot to do individually using minimal
inter-vehicle communication. The proposed control strategy is
divided in three phases: contact, re-orientation, and cooperative
transportation. The first two phases consist of driving the robots
from any arbitrary initial configuration toward the object,
establishing physical contact with the object, and re-orienting
themselves according to the objects desired destination. The
third phase consists of cooperatively transporting the object by
assuming a novel inter-vehicle topology. The two first phases
require initial inter-vehicle communication, whereas the third
phases assumes that each robot is rigidly connected to the
object. Collectively, these results demonstrate the ability to
transport an object using multiple robots with minimal inter-
vehicle communication.

I. INTRODUCTION

Cooperative robotics is a quickly-progressing field that
holds promise for more robust and flexible robots [1]–[3].
Single robots are inherently limited by their size, strength
and versatility, which generally prevents single robots from
performing tasks beyond their original purpose. Furthermore,
they are typically expensive to design and build and are less
resilient to system failures. Thus, the limited functionality
and costs associated with single robots paired with the poten-
tial applications of more versatile robotic systems warrants
research into the development of cooperative robots [4].

Systems of multiple robots have flexible configurations
and spatially diverse functionality allowing them to adapt
more easily to diverse environments and missions. Addi-
tionally, they offer redundancy and increased coverage and
throughput which are of particular value in missions where
the environment is unknown, such as search and rescue,
exploration, and surveillance tasks [5].

Herein, we describe the design of a cooperative robotic
system capable of autonomously transporting an object that
is too heavy or cumbersome for a single robot to do individ-
ually. Fig. 1 illustrates the concept, where two autonomous
robots are posed to transport a single large object to a target
area.

II. RELATED WORK

Strategies allowing multiple robots to transport large ob-
jects have existed for over two decades as it provides the
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Fig. 1. Control objective. To cooperatively transport an object to a desired
target area.

possibility of completing tasks faster, cheaper and more
reliably than single robot systems [4]. Furthermore, there
are many potential applications for these systems to perform
daily activities such as object transportation in manufactur-
ing plants, warehouses, construction sites and various other
environments [2].

There are two main approaches in the control structure
of multi-robot systems: centralized and decentralized. In a
centralized approach, a single unit plans and controls the
behaviors of each individual robot. This approach allows
for optimal solutions as it has information about the global
environment; however, it also provides a single failure point
for the system [6]. Conversely, in a decentralized approach,
each robot is responsible for planning and coordinating its
own actions locally. Although solutions will not be optimal,
the system is robust, reliable and tolerant to failure [7]. These
strengths of a decentralized approach closely coincide with
those of cooperative robotics, making it desirable.

Cooperative object transportation also requires a multi-
robot formation control framework in order to coordinate
the motion of the robots in the group. Typically, this involves
the maintenance of a geometric configuration during robot
movement [8]. However, if the geometric constraints are
violated, the robots will not be able to move cooperatively.

Lastly, there are three typical approaches to transport
the object: grasping, pushing, and caging [9]. Grasping is
popular when using robots with actuated manipulators as
they can grasp the object and maintain form-closure or
force-closure conditions throughout the entire transportation



Fig. 2. Schematic of nonholonomic differential two-wheels drive vehicle.

process [10]–[12]. In the pushing method, robots push the
object to transport it, and thus do not bear the objects weight
[8], [13], [14]. This is similar to the caging method where
robots surround the object, forming an object closure, within
which the object can loosely move and the robots can drag
or push the object, as is defined in [15] and implemented in
[16], [17].

III. PRELIMINARIES

Herein, we consider the design and implementation of a
control strategy for the transportation of a large object by
two cooperative nonholonomic vehicles. We consider a pair
of differential drive vehicles with kinematics equations given
by  ẋi(t)

ẏi(t)

θ̇i(t)

 =

 vi(t) cos θi(t)
vi(t) sin θi(t)

ωi(t)

 (1)

where xi(t) and yi(t) represent the Cartesian coordinates
(see Fig. 2), θi(t) denotes the orientation or heading, and
vi(t) and ωi(t) are the linear and angular velocity control
commands, respectively, for the first (i = 1) and second
(i = 2) vehicles. Typically, the desired commands are given
in terms of the wheels’ velocities rather than the linear and
angular velocities. In this case, the velocity commands for
the vehicles’ right vR,i(t) and left vL,i(t) wheels can be
computed as

vR,i(t) =vi(t) +
li
2
ωi(t) (2a)

vL,i(t) =vi(t) −
li
2
ωi(t). (2b)

where li is the distance between both wheels.
Our control objective is to design vi(t) and ωi(t) such

that both vehicles cooperatively transport a large object
with coordinates (xo(t), yo(t)) and orientation θo(t) to a
desired location (xdo, y

d
o) (see Fig. 1). To accomplish this

objective, we assume that the vehicles have knowledge of the
position and orientation of the object and the other vehicle.
In addition, we assume that the desired path (or trajectory) to
be taken by the vehicles individually or as an unit is designed
to be collision-free.

IV. COOPERATIVE CONTROL STRATEGY

The control strategy outlined in this paper is discontinuous
and designed to utilize the advantages of both a centralized
and decentralized control structure. The control framework
is divided in three parts: a contact phase, a re-orientation
phase, and cooperative transportation phase.

During the contact phase, the system first identifies the
initial positions and orientations of each robot and object and
plans each robots desired trajectory to connect to the object.
This is one of the only instances when global knowledge (or
communication) of the state of the entire system is required.
Once the desired individual trajectories have been designed,
each robots computes its linear and angular velocity com-
mands. Due to the nonholonomic nature of the vehicles, these
commands are computed by applying input-output feedback
linearization [18]. Mathematically, the control commands are
computed as

vi(t) =kx,i∆xi(t) cos θi(t) + ky,i∆yi(t) sin θi(t) (3a)

ωi(t) = − kx,i
L

∆xi(t) sin θi(t) +
ky,i
L

∆yi(t) cos θi(t)

(3b)

where ∆xi(t) = xdi (t) − xLi (t) and ∆yi(t) = ydi (t) − yLi (t)
are the error signals, kx,i and ky,i are proportional control
gains, xdi (t) and ydi (t) denote the desired trajectory and

xLi (t) =xi(t) + L cos θi(t)

yLi (t) =yi(t) + L sin θi(t)

represent the coordinates of a reference point in front of the
vehicle (refer to Fig. 2). Note that the control law (3) only
regulates the position of the reference point. The heading of
the vehicle, although stable [18], [19], cannot–in general–
be stabilized at a desired value. Since the stabilization of
the heading is required for the vehicle-object connection,
each vehicle’s desired trajectory should be chosen such that
it generates the proper final heading. Accordingly, we choose
straight lines perpendicular to the object’s connecting surface
(see Section V-A for more details on the object) as desired
trajectories. These desired trajectories tend to properly align
the robot’s end-effector with the object’s opening, allowing
the robot to easily connect autonomously to the object.

The next stage of the control structure is the re-orientation
phase. Once each robot confirms the physical connection of
the other robot, the vehicles re-orient their headings by nearly
90o in order to align their wheel axes with the object. For
this task, a proportional control is used

ωi(t) =γi(θ
d
i − θi(t)), vi =0 (4)

where γi is the proportional gain and θdi is the desired
heading. After aligning their wheel axes, they then establish
which side of the object they are on and cooperatively rotate
the object in the direction of the target area in order to reduce
the time needed for the transportation phase.

The final stage of the control is the cooperative transporta-
tion phase and is performed in a near decentralized fashion.
During this stage, the position and heading of the object



Fig. 3. System of 2 robots and object. Wheelbase 1 and wheelbase 2 are
treated as single mobile units.

are shared with each robot and each robot is responsible
for computing its control commands without knowledge of
the other robot. Because the robots are meant to connect to
opposing sides of the object, the entire system is treated as
two concentric robots, both of which share the same center
and heading as the object. The outer wheels of each robot are
assumed to be the wheels of a new single vehicle, while the
inner wheels are assumed to be part of another vehicle, as
seen in Fig. 3. Each robot then calculates is two wheel speeds
utilizing the same input-output feedback linearization from
(3) using a common L. In this case, the desired trajectory
(xdi (t), ydi (t)) is the final desired position for the object.

The cooperative transportation strategy assumes that both
robots are rigidly connected to the object so that no formation
control is needed other than to maintain both robots’ connec-
tion to the object. To correct for errors such as disconnection
from the object, each robot was able to communicate a stop
command to the other robot to allow it time to correct itself.

The overall control strategy is detailed in Algorithm 1,
where ε is a small constant used to determine when a
control phase has been completed and σ is the desired
distance between the center of the object and center of the
vehicle when in cooperative transportation mode. The first
parameter is needed to define when a task has been achieved
satisfactorily, while the second parameter is used to identify
a physical disconnection from the object.

V. EXPERIMENTAL VALIDATION

A. Experimental Testbed

To test and validate the proposed cooperative control
strategy, two differentially driven iRobot Creates (Roombas)
were used as the base platform. Mounted on top of each
Roomba was a base, turret, and nose, as seen in Fig. 4.
Furthermore, a transportation object was also designed for
the experiments, the purpose of which is similar to a cargo
pallet in that a load can be placed on top of it, as seen in
Fig. 5.

This design was centered on the robot’s nose and its
interaction with the transportation object. The robots’ noses

Algorithm 1: Control Strategy

Data: xi, yi, θi, xo, yo, θo, xdo, ydo
Result: vi, ωi

determine closest side to object and compute
(xdi (t), ydi (t));

while in contact phase do
evaluate ∆xi and ∆yi;
if ∆x2i + ∆y2i > ε2 then

compute vi, ωi using (3);
else

vi = 0, ωi = 0;
go to next phase;

end
end
send confirmation of contact phase completion to the
other robot;

wait for confirmation of contact phase completion by
the other robot;

compute θdi ;
while in re-orientation phase do

if (θdi − θi)
2 > ε2 then

compute vi, ωi using (4);
else

vi = 0, ωi = 0;
go to next phase;

end
end
send confirmation of re-orientation phase completion to
the other robot;

wait for confirmation of re-orientation phase completion
by the other robot;

rotate entire systems toward the target;
define new wheelbases;
while in cooperative transportation phase do

evaluate xi − xo and yi − yo;
if (xi − xo)2 + (yi − yo)2 > σ2 then

the robot is loosing physical contact with the
object, stop system and notify other robot;

correct position and notify other robot;
end
evaluate ∆xi and ∆yi;
if ∆x2i + ∆y2i > ε2 then

compute vi, ωi using (3);
else

vi = 0, ωi = 0;
end control;

end
end

were wedge shaped and matched the shape of the slots on
each side of the transportation object. The shape of the nose
and complement slot in the object allowed the robots to
maintain form-closure with the object throughout the entire
transportation process. This enabled the robots to efficiently
lift the object off the ground and transport it without the use



Fig. 4. Robot design.

Fig. 5. Object design.

Fig. 6. Simulation of both robots connected to object.

Fig. 7. Robot-object connection

of any additional actuators. Furthermore, it allowed us to
simplify the problem of multi-robot formation control as the
nose was able to semi-rigidly connect to the object, requiring
little control to maintain the systems geometric configuration.

The turret of the robot was able to rotate freely from
+90o to −90o relative so that after the robot connected to
the object, it was able to rotate in order to align its wheel
axes with the other robot. A spring was placed inside of the
turret to provide the nose compliance in order to maintain its
semi-rigid connection to the object. The base held the entire
assembly and also had an adjustable peg so that the rotational
spring constant of the turret could be adjusted by attaching
springs or rubber bands to the sides of the turret. Modeled
and experimental illustrations of both robots connected to
the object are shown in Fig. 6 and 7.

A Vicon Motion Capture (MoCap) system was used to
both recognize objects and localize them. The MoCap system
was connected to a control station running the control
algorithms in MATLAB at a control frequency of 2Hz. The
commands were then sent to the robots using Xbee radio
modules and the MATLAB’s Create Toolbox [20].

B. Experimental Results

As a proof of concept, we measured success by the
delivery of the object within 30 cm of the target area. Time
taken to complete the trial was not evaluated as a parameter
of performance and all other measures were simply used
to enable transportation of the object. Several experimental
trials have shown success in transporting the object with
an average time of 90 seconds, of which, 25 seconds was
used for each robot to connect to the object and another 30
seconds was used to transport the object. Faster completion
times could have been achieved by designing desired trajec-
tories with higher rates of change.

The total path for two trials is shown in Fig. 8. In
these, the starting position and orientation for both robots
and the object is shown by the outline of their shape and
corresponding text. The first phase of the control law is
indicated by the paths which connect each robots starting
position and the object. The final stage of the control law is
indicated by the nearly parallel paths between the object and
the target area indicated by the red marker and corresponding
text. The second phase is not shown in the plots, as the
robots are rotating in place and this plot does not identify
the orientation of the robots.

Fig. 9 corresponds with the path on the right hand side
of Fig. 8 and shows the position xi(t) and yi(t), heading
θi(t), and error of both robots and object. In this trial,
the robots completed the first phase of the control law and
connected to the object at 22 seconds. They then completed
the second phase of rotating towards the target area at 41
seconds. Finally, they delivered the object to the target area
at 66 seconds. The remainder of the plot corresponds to the
robots disconnecting from the object. The bottom subplot
quantifies each robot’s error throughout the trial. In the first

Fig. 8. Illustration of two experimental trials. The initial configuration are
illustrated by the shape of the robots and object. The desired position of
the the object to be transported is denoted by the small red circle.



Fig. 9. Position xi(t) and yi(t), heading θi(t), and error signals of both robots (blue and red) as well as the object (green). The first, third, and fourth
red vertical lines indicate the completion of the contact, re-orientation, and cooperative transportation control phases, respectively.

phase, error was defined as the Euclidean distance, in meters,
from the center of the robot to the opening of the object.
During the second phase, it was defined in radians as the
angular displacement between the robot’s current heading
and its desired heading facing the target area, i.e., θdi −θi(t).
In the final stage, error was again defined as the Euclidean
distance, in meters, from the center of the robot to the target
area.

VI. CONCLUSIONS

Herein we presented the design and validation of a co-
operative transportation control strategy of a large object by
two differential drive robots. The strategy, which is divided
in three phases, was shown to successfully cooperatively
transport a large object that is otherwise too cumbersome to
transport by a single robot. The cooperative transportation is
done in a mostly decentralized fashion requiring inter-vehicle
communication only at the start of each phase and whenever
a problem (such as a physical disconnection from the object)
arises. In the near future, we would like to add collision
avoidance capabilities and design a completely decentralized
approach.
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