
Fukao et al. ROBOMECH Journal           (2025) 12:20  
https://doi.org/10.1186/s40648-025-00308-3

RESEARCH Open Access

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://creativecommons.org/licenses/by/4.0/.

ROBOMECH Journal

Cooperative transportation of an object 
with a nonholonomic constraint by a swarm 
robot
Yuto Fukao1*, Tatsuro Terakawa1, Takahiro Endo2, Fumitoshi Matsuno3, Yoshihiro Morimoto4, 
Takumi Koshimoto4 and Daisuke Mizuno4 

Abstract 

In this paper, we propose a distributed controller for the cooperative transportation of an object with a nonholonomic 
constraint by a swarm robot. Because an object with passive wheels fixed to it does not slide along the axle direc-
tion, its velocity constraint is nonholonomic. We set the center of rotation of the object as a control point of the entire 
system. To derive the control point of an object with passive fixed wheels, we analyze dynamics of the object. Then 
we design a distributed cooperative transportation controller considering the nonholonomic constraint of an object 
with passive fixed wheels based on a kinematic model. We divide the distributed controller into two steps. In the first 
step, each robot derives the desired velocity and angular velocity of the object to achieve its desired position 
and orientation. In the second step, each robot calculates its desired velocity to achieve the object’s desired velocity 
and angular velocity. Each robot moves and pushes the object using the distributed controller, and can transport it 
to the desired position and orientation. We verify the effectiveness of the proposed controller in dynamic simulations 
and real robot experiments.
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Introduction
A swarm robot is a group of many autonomous distrib-
uted robots that can cooperate to accomplish tasks that 
cannot be accomplished by a single robot. The advan-
tages of a swarm robot include scalability, which means 
that the system does not fail when the number of robots 
changes; robustness, which means that tasks can be 

achieved when some robots fail; and flexibility, which 
means that the system can adapt to changes in tasks. 
A swarm robot is expected to be applied in a variety of 
fields [1]. In this study, we focus on cooperative transport, 
in which the swarm robot consists of multiple robots that 
cooperate to transport an object, which makes it possible 
to transport a heavy object that cannot be transported by 
a single robot [2]. 

Various studies have been conducted on the coopera-
tive transportation of an omnidirectionally mobile object 
by a swarm robot [3–19]. Mainly, two methods exist for 
cooperative transport by a swarm robot. One is grasp-
ing an object using a grasping mechanism  [3–7] and 
the other is pushing an object without using a grasping 
mechanism [8–19]. In this study, we consider a transport 
method without a grasping mechanism. This method can 
be applied to any robot with a mobile function because it 
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does not require a mechanism to grasp the object; hence, 
it is highly versatile.

Studies have been conducted on cooperative trans-
portation by a swarm robot without a grasping mecha-
nism by pushing an object in  [8–19]. Kube et  al.  [8, 9] 
conducted a pioneering study on multiple robots push-
ing and transporting an object. They adapted the sub-
sumption architecture to cooperative transportation. 
Cylindrical and rectangular objects were transported in 
real experiments. Yamada et al. [10] proposed a method 
in which each robot selected its own action from a set 
of action options that depended on information such as 
the position and weight of the neighboring robots and 
object, and the robots transported a rectangular object. 
They verified the adaptability of the proposed method 
to changes to the number of robots and the weight of 
the object in experiments. Gerkey et al.  [11] proposed a 
method for transporting a rectangular object using two 
types of robots: a watcher robot and pusher robot. The 
watcher robot was located in front of the object in the 
transport direction and the pusher robot was located 
behind the object. The watcher robot knew the goal posi-
tion; hence, it sent the desired velocity to pusher robots 
using communication, and pusher robots pushed the 
object at the desired velocity. There were significant limi-
tations in the geometry of the applicable object in [8–11].

Fink et  al.  [12] proposed a method to enable nonho-
lonomic robots to surround and transport a polygonal 
object in the presence of obstacles. Nonholonomic robots 
are treated as omni-directional mobile robots by using 
feedback linearization techniques. The robots maintained 
the enclosure of the object and transported it. The shape 
of the transported object was polygonal; hence, the pro-
posed method was highly versatile. The method also gen-
erated a trajectory for the object in which the entire robot 
did not collide with obstacles, and the object was trans-
ported along this trajectory. As robots surrounded the 
object, the method enabled them to transport the object 
without colliding with obstacles. Chen et  al.  [13] pro-
posed a method that enables the cooperative transport of 
an object by pushing the object’s surface vertically from a 
position on the object’s surface where the robot could not 
see the goal. Communication among robots is not used in 
this method. The proposed method can be applied to any 
convex object and can transport the object, even if there 
are not enough robots to surround it, because the object 
does not need to be surrounded. Researchers have also 
shown mathematically that the distance from the object 
to the goal is always reduced using the proposed method. 
These proposed methods in [12, 13] can be applied to an 
object of more general geometry than those in [8–11].

Furthermore, Ebel et  al.  [14, 15] proposed a method 
for transporting a non-convex polygonal object by 

surrounding it with omni-directional mobile robots. In 
these studies, Ebel et al. determined the optimal trans-
port formation by solving the optimization problem in 
a distributed manner, which allowed the robots to form 
the formation that maximized the force and torque 
from robots to the object, subject to constraints, such 
as no collisions. In addition, Ebel et  al.  [16] proposed 
a method for cooperative transportation using differ-
ential-drive mobile robots, achieving distributed trans-
portation of a non-convex polygonal object.

Cooperative transportation methods using evolu-
tionary computation and reinforcement learning have 
also been proposed. Alkilabi et al. [17, 18] applied con-
trollers obtained by evolutionary computation to real 
robots to validate the transportation of a rectangular 
object. Researchers showed that the obtained control-
lers were robust to the mass and size of the object and 
scalable to the size of the swarm in real experiments. 
Shibata et al. [19] proposed a method for acquiring the 
robot’s behavior and transporting an object to the goal 
using deep reinforcement learning. The shape of the 
object was a series of hexagons; hence, the shape was 
complex. When a robot failed, other robots communi-
cated with neighboring robots and generated a new for-
mation to transport the object. Hence, this method is 
robust against robot failure.

Although studies on cooperative transportation for 
diverse geometries have been conducted using vari-
ous approaches, in  [8–19], the researchers considered 
transported objects that could move in all directions. 
Currently, robots are expected to play an active role in 
diverse scenarios and environments, such as libraries, 
shopping malls, airports, and factories. In this context, 
multiple robots are required to transport bookshelf 
carts in libraries, shopping carts in shopping malls, lug-
gage carts in airports, trolleys in large event venues, 
and dollies in factories. Some of these carts have pas-
sively moving fixed wheels, which we refer to as passive 
fixed wheels in this paper. An object with passive fixed 
wheels has the kinematic constraint that it cannot slide 
along the axle direction, and this velocity constraint is 
nonholonomic.

As mentioned above, in previous research methods in 
which swarm robots cooperatively transported an object 
by pushing, researchers considered a transported object 
that could move in all directions. Therefore, conventional 
methods cannot be applied to objects with two parallel 
passive fixed wheels because the object cannot move in 
all directions.

In this study, we consider an object with two paral-
lel passive fixed wheels as the transported object and 
propose a controller that considers the nonholonomic 
velocity constraint. The proposed distributed controller 
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achieves the cooperative transportation of the object by 
a swarm robot.

Furthermore, our cooperative transportation method 
involves robots working together to transport objects, 
meaning that the robots cooperate with each other. How-
ever, we do not exchange information with other robots 
through communication nor sense and utilize their states. 
In the case of the transportation of the object by multiple 
robots with communication, communication signals can 
interfere with each other, potentially leading to improper 
robot operation. Furthermore, if one of the robots fails 
and another robot relies on the state of the failed robot, it 
may move inappropriately. In such cases, the failed robot 
could disrupt the overall motion of the swarm. Therefore, 
we do not use the state of any other robot; instead, the 
proposed controller uses only the absolute position and 
orientation of the object and the relative position of the 
robots attached to the object surface from the center of 
rotation of the object as a control point. In detail, based 
on the kinematics model of a wheeled object of any 
shape, each robot determines the desired velocity and 
angular velocity of the object to reach the desired posi-
tion and orientation. Next, each robot determines its own 
desired velocity to achieve the desired velocity and angu-
lar velocity of the object in a distributed manner. Thus, 
each robot can achieve the cooperative transportation of 
the object by moving according to the obtained desired 
velocity. Additionally, we verify the effectiveness of the 
proposed controller by confirming that not only convex 
but also non-convex objects with passive fixed wheels 
can be transported to the desired position and orienta-
tion in dynamic simulations and real robot experiments.

The paper is organized as follows: We analyze the 
motion of the arbitrarily shaped transported object and 
derive a suitable point of the object that is set as a control 
point in “Control point of an object with passive wheels” 
section. In “Problem setting” section, we describe the 
problem statement based on kinematic model. In “Dis-
tributed controller” section, we propose the controller 
for each robot used to transport the object to the desired 
position and orientation. In “Dynamical simulation” 
and  “Real robot experiment” sections, we present the 
results of simulations and real robot experiments con-
ducted to verify the effectiveness of the proposed con-
troller, respectively.

Control point of an object with passive wheels
In this section, we determine a control point of an object 
with two parallel passive fixed wheels during coopera-
tive transportation. A center of rotation of an object is 
the point about which the object rotates when subjected 
to an external force. Controlling a point other than the 
center of rotation results in a moment with respect to 

the center of rotation, and the object tends to rotate with 
respect to the center of rotation, interfering with robots 
transporting the object. Therefore, we consider the 
center of rotation as the control point. In order to iden-
tify the center of rotation, we analyze the dynamics of a 
two-dimensional (2D) arbitrarily shaped object with two 
passive fixed wheels.

We derive the equations of motion of the object. We 
consider the instantaneous motion of the object and 
define the coordinate systems at an instant. The coordi-
nate system 

∑

ob(o− X ′Y ′) is an inertial coordinate sys-
tem at an instant. The origin o of 

∑

ob is the position of 
the middle point between two passive fixed wheels, and 
the X ′-axis of 

∑

ob is aligned with the direction of the 
object’s axle as shown in Fig. 1. Let (x, y)T be the position 
of the middle point between the wheels with respect to 
∑

ob and θ be the object’s orientation with respect to the 
inertial coordinate system 

∑

I (O − XY ) as shown in 
Fig. 1. We assume that the object does not slide along the 
axle direction and that the center of mass is at an arbi-
trary position in the object. In this paper, we consider the 
transportation of objects such as carts and trolleys com-
monly used in daily life, for which the mass and moment 
of inertia of the wheels are generally negligible compared 
to those of the main body. Accordingly, the mass and 
moment of inertia of the wheels are neglected. Let m be 
the mass of the object, Ic be the moment of inertia around 
the object’s center of mass, F  be the force acting on the 
object surface with respect to 

∑

ob , and fl and fr be the 

Fig. 1 Object variables for motion analysis of a transported object
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forces along the X ′-axis acting from the ground to the left 
and right wheels, respectively, as shown in Fig.  1. Let 
g = (gx, gy)

T be the vector from o to the center of mass 
with respect to 

∑

ob and h be the moment arm from the 
middle point between the wheels to F  with respect to 
∑

ob . Let F be the magnitude of F  , g =

√

g2x + g2y  be the 
magnitude of g , h be the magnitude of h , α be the angle 
between the X ′-axis and F  , and β be the angle between 
the X ′-axis and g . The equations of motion for transla-
tion and rotation at the middle point between two wheels 
are

The fourth and fifth term on the right-hand side of (1) 
and the second and third term on the right-hand side 
of (2) are inertial force. The second and third terms on 
the right-hand side of (3) are moment caused by inertial 
force.

The nonholonomic constraint is that the object cannot 
slide along the axle direction and is defined as

Substituting gx = g cosβ , gy = g sin β , and (4) into (1), 
(2), and (3), we obtain

Furthermore, substituting (6) into (7), we obtain

Then, using g2 = g2x + g2y  , we derive

Finally, we derive the object’s center of rotation to be 
controlled. To this end, we describe the physical mean-
ing of the obtained equation of motion of rotation (9). 
We define point P (blue dot in Fig.  2) as (gx, 0)T  with 
respect to 

∑

ob , and point Q as the cross point of F  and 
its perpendicular line passing through P, as shown in 
Fig. 2. The red dashed line in Fig. 2 represents a straight 

(1)
mẍ =fl + fr + F cosα +mg θ̈ sin β +mg θ̇2 cosβ ,

(2)mÿ =F sin α −mg θ̈ cosβ +mg θ̇2 sin β ,

(3)(Ic +mg2)θ̈ =− hF −mÿgx +mẍgy.

(4)ẋ = 0.

(5)0 =fl + fr + F cosα +mgyθ̈ +mgxθ̇
2
,

(6)mÿ =F sin α −mgxθ̈ +mgyθ̇
2
,

(7)(Ic +mg2)θ̈ =− hF −mgxÿ.

(8)
(Ic +mg2)θ̈ = −(h+ gx sin α)F +mg2x θ̈ −mgxgyθ̇

2
.

(9)(Ic +mg2y )θ̈ = −(h+ gx sin α)F −mgxgyθ̇
2
.

line parallel to F  passing through o. First, the left-hand 
side of (9) is the moment of inertia around the blue 
point P. We consider the first term of right-hand side 
of (9). Figure 2 shows the distance of the perpendicular 
line from P to F as h+ gx sin α geometrically, where h is 
the distance from Q to the red dotted line, and gx sin α 
is the distance from P to the red dotted line. This cor-
responds to the first term of right-hand side of (9). It 
means that the first term of right-hand side of (9) repre-
sents the moment around P caused by F  . Next, we con-
sider the second term of the right-hand side of (9). The 
expression mgxgyθ̇

2 can be rewritten as gx sin β ×mg θ̇2 . 
Here, mg θ̇2 regards as the centripetal force acting from 
G toward o, while gx sin β corresponds to the moment 
arm from P to the centripetal force mg θ̇2 . Therefore, 
the second term of the right-hand side of (9) represents 
the moment around P caused by the centripetal force 
mg θ̇2.

Therefore, we can regard the equation of motion of 
rotation obtained as the equation of motion of rotation 
around P, and we can clarify that P is the center of rota-
tion of the object. Then, the obtained point P is defined 
as the control point. In the next section, we consider 
the problem of controlling the center of rotation P and 
transporting the object.

Fig. 2 Position of the object’s center of rotation
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Problem setting
In this section, we set up the problem statement of the 
cooperative transportation of an object with two paral-
lel passive fixed wheels by a swarm robot. We consider 
a 2D environment with no obstacles as the environment 
in which the robots transport the object. There is one 
object and n robots in the environment, and the robots 
are attached to the object’s surface. We consider coop-
erative transportation of an object by a swarm robot, spe-
cifically in the situation where there are enough robots 
to surround the object. Therefore, we assume that form 
closure is achieved by the robots surrounding the object, 
as shown in Fig.  3. Form closure is a geometric con-
straint that fixes the degrees of freedom of movement 
of an object, and represents the inability of the object to 
perform translational and rotational movements in the 
robot’s enclosure, as defined in [20]. In order to enhance 
the resultant force applied to the object by the robots 
during transportation, it is desirable to locate more 
robots on the side opposite to the direction of the object’s 
motion while maintaining form closure. However, since 
this study is based on a kinematic model, forces interac-
tions are not considered. Therefore, it should be noted 
that the proposed method does not discuss the optimal 
positioning of robots in order to apply large pushing 
forces, which remains an issue to be addressed in future 
work. There may be situations in which the object needs 
to move in reverse during transportation. In such cases, 
the robots that were positioned on the forward side dur-
ing forward movement become responsible for push-
ing the object in reverse. An advantage of the proposed 

method is that the robot formation does not need to 
be altered, even when the direction of motion changes. 
However, a drawback is that some robots do not contrib-
ute to object pushing at all times, despite being necessary 
for preserving form closure. Consequently, when there 
is a possibility that the object need to switch between 
forward and backward motion, it is not always optimal 
to place as many robots as possible on the side oppo-
site to the direction of the object’s motion in the initial 
state. The minimum number of robots is determined by 
the smallest number required to achieve form closure. If 
the number of robots falls below this threshold, form clo-
sure cannot be established, and thus the object cannot be 
transported. The maximum number of robots is defined 
by the number of robots when the object is completely 
surrounded without any gaps between robots. If the 
number of robots exceeds that limit, some robots may 
fail to attach to the object’s surface. We assume that the 
robot is omni-directional and only control the position 
of the center of the robot. As the object has passive fixed 
wheels, it does not slide along the axle direction, and its 
velocity constraint is nonholonomic. We assume that the 
object’s center of mass exists at an arbitrary position in 
the object.

We define the inertial coordinate system 
∑

I (O − XY ) , 
as shown in Fig. 3. The position of the robot i with respect 
to 

∑

I is denoted by pi . We consider controlling the 
center of rotation, which was derived in “Control point 
of an object with passive wheels” section. The position 
of the object’s center of rotation P is defined as (px, py)T 
with respect to 

∑

I , and the absolute angle between the 
X-axis and the object’s direction of translation with 
respect to 

∑

I is θ . The direction of translation of the 
object is denoted by the unit vector eo = (cos θ , sin θ)T . 
As shown in Fig. 3, the robots are attached to the surface 
of the object, and the vector from the object’s center of 
rotation P to robot i is denoted by ri with respect to 

∑

I . 
In this study, we consider kinematic models of the robot 
and object. The kinematic equation for robot i is given by

where ui is the input velocity command of robot i. Addi-
tionally, the kinematics equation of the object is

where v is the object’s velocity in the translational direc-
tion and ω is the object’s angular velocity.

We assume that the robots know the position of the 
object’s axle and its center of mass. We consider trans-
porting a predefined object, such as shopping cart in a 

(10)ṗi = ui,

(11)
d

dt





px
py
θ



 =





cos θ 0

sin θ 0

0 1





�

v
ω

�

,

Fig. 3 Variable definitions of robots and an object
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shopping mall or a bookshelf cart in a library. Since the 
robots can obtain the position of the axle and the center 
of mass from its camera information by using image rec-
ognition technology, we consider this assumption rea-
sonable in situations such as shopping malls and libraries. 
However, in scenarios where multiple loads are placed on 
an object, it might be challenging for robots to obtain the 
center of mass solely from their camera information. To 
overcome this, we consider employing a method similar 
to that in [21], where a robot pushes an object to deter-
mine its center of friction, which could enable robots to 
obtain the object’s center of mass. By obtaining the posi-
tion of the object’s axle and its center of mass, each robot 
can determine the center of rotation and acquire the 
object’s position px, py and orientation θ , and the robot’s 
own attached position ri with respect to 

∑

I . Moreover, 
since the robots do not need information from other 
robots, communication among robots is not required.

The control objective is to find the input velocity com-
mand ui of robot i to make the object’s position px, py 
and orientation θ converge to 0.

Distributed controller
In this section, we discuss a distributed controller used 
by a robot to achieve the desired position and orienta-
tion of an object with passive fixed wheels. Each robot 
calculates only its own input according to the proposed 
distributed controller. As previously mentioned, the pro-
posed method assumes that the robots have achieved 
form closure with respect to the object. First, we describe 
the concept of the design of the controller.

Let us consider multiple points fixed on the object’s 
surface. When the object moves with velocity v and 
angular velocity ω , we assume that the point i fixed on 
the object’s surface moves with a velocity vector vi . Con-
versely, if multiple points fixed on the object’s surface 
move with velocity vi , the object itself can move with 
velocity v and angular velocity ω . If we consider these 
points on the object’s surface as positions of robots, and 
they move with the previously given velocity vi , they can 
transport the object with velocity v and angular veloc-
ity ω . Assuming that the robots achieve form closure by 
surrounding the object, the object becomes fixed relative 
to the robot enclosure and it moves along with the robot 
enclosure. This is an outline of the concept of the pro-
posed distributed controller.

We divide the robot’s controller into two steps. To 
obtain desired motion of the object with two parallel pas-
sive wheels, the object is regarded as a vehicle with two 
active wheels and derive the desired velocity and angu-
lar velocity of the object by using existing controllers on 
controlling two-wheeled vehicles with nonholonomic 
constraints. Vehicle control research typically focuses 

on finding the desired velocity and angular velocity of 
a vehicle with active wheels to achieve a desired posi-
tion and orientation. In this study, as the object has pas-
sive wheels and cannot move actively, the movement of 
the object is achieved through motion of robots that are 
attached to the object surface. In the second step, each 
robot calculates its desired velocity to achieve the object’s 
desired velocity and angular velocity, which were given in 
the first step. We describe the details of each step in the 
following subsection.

Step1: Object’s desired velocity and angular velocity
In this step, we aim to find the desired velocity and angu-
lar velocity of the object to reach the desired position 
and orientation. Let vd and ωd denote the object’s desired 
velocity and angular velocity, respectively. To design vd 
and ωd , we use the existing control method on control-
ling two-wheeled vehicles with nonholonomic con-
straints to the desired position and orientation. Several 
control methods exist for such a nonholonomic system, 
including time-axis state control [22], time-varying state 
feedback control  [23, 24], and discontinuous feedback 
control [25]. For our study, we use the method proposed 
by Khennouf and Canudas [25], which guarantees expo-
nential convergence to the desired position and orienta-
tion. We design vd and ωd as follows:

where V = p2x + tan2 θ , s = py − 1/2px tan θ , and k1, k2 
represent control gains. This controller is designed to 
ensure the exponential convergence of V(t) and s(t). 
When V and s are zero, px, py, and θ also become zero, 
so the position and orientation converge to the desired 
position and orientation. The first term of (12) contrib-
utes to the convergence of V, and the second term of (12) 
facilitates the convergence of s. Actual robots have limita-
tions on the forces and torques they can exert. Therefore, 
dynamic simulations are conducted in advance to deter-
mine the control gains k1 and k2 such that the control 
inputs vd and ωd for the robots do not exceed their out-
put capabilities. If the object can move with its desired 
velocities vd and ωd , the object can reach the desired 
position and orientation.

Step 2: Robot’s desired velocity
In this step, we propose a controller that makes the 
robots attached to the object’s surface achieve the desired 
velocity vd and ωd of the object obtained in the first step 
through their motion. If the robots achieve the motion, 
it means that the robots can push the object with the 
desired velocity. We assume that the robots are attached 
to the object’s surface and achieve form closure. First, we 

(12)
vd = (−k1px − k2s tan θ/V )/ cos θ ,

ωd = (−k1 tan θ − k2spx/V ) cos2 θ ,
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consider the scenario in which the robot is fixed to the 
object’s surface and the object is moving with velocity v 
and angular velocity ω . Let ri represent the relative posi-
tion of robot i fixed on the object’s surface as shown in 
Fig. 3. The velocity vi of robot i at position ri is given by 
vi = veo + ωez × ri , where ez is the unit vector perpen-
dicular to the X and Y-axes of the inertial coordinate sys-
tem 

∑

I . Conversely, if form closure is achieved by the 
robot’s enclosure around the object and robot i attached 
to the object moves with velocity vi = veo + ωez × ri , 
then the object can be transported with velocity v and 
angular velocity ω . Therefore, we design the velocity 
command ui of robot i to achieve the desired velocity vd 
and ωd of the object as follows:

From (12), we can calculate vd and ωd based on the posi-
tions px and py , and the orientation θ of the object, which 
can be measured by each robot i. We can compute eo 
based on θ , and ez = [0, 0, 1]T is given. Because ui can be 
given by each robot i, the control law (13) represents a 
distributed controller.

However, in the real situation, the robots’ velocities 
could not reach the velocity command because of the 
velocity errors of the actual robots, the limitations on 
their force and torque output, and reaction forces from 
the object or ground to the robots; hence, closure by sur-
rounding robots might not be accomplished. Thus, we 
included PD feedback controller to keep the robot in its 
initial position on the object’s surface.

We define robot’s initial position on the object’s sur-
face as pid , velocity of the robot’s initial position on the 
object’s surface as ˙pid , the vector from P to robot’s initial 
position on the object’s surface as rid , and the vector from 
the current robot’s position to the robot’s initial posi-
tion on the object’s surface as si := pid − pi , as shown in 
Fig. 4. Here, ˙pid is expressed as ˙pid = vdeo + ωdez × rid . 
Adding a PD feedback control to (13) to keep the robot in 
its initial position on the object’s surface yields the modi-
fied velocity command as follows.

where kp and kv are positive control gains. Substituting 
(14) into (10) and rearranging in terms of si , we obtain

which implies that si converges exponentially to zero.
The exponential convergence of the controller in Step 1 

is guaranteed by the method proposed by Khennouf et al. 
[25], which is applied in Step 1. Once the object reaches 
the desired velocity and angular velocity obtained in Step 
1 using [25], its position and orientation converge. In 

(13)ui = vdeo + ωdez × ri.

(14)ui = ˙pid + kp(pid − pi)+ kv( ˙pid − ṗi),

(15)kpsi + (1+ kv)ṡi = 0,

Step 2, the proposed controller drives the robots so that 
the object can realize the desired velocity and angular 
velocity found in Step 1. Therefore, the overall controller 
ensures convergence.

Dynamical simulation
We verified the effectiveness of the proposed controller 
using the dynamics simulator OpenDynamicsEngine. In 
particular, to demonstrate the effectiveness of the pro-
posed controller in multiple cases with different settings, 
we conducted two types of simulations. Each simulation 
involved different numbers of robots, different object 
shapes, and different initial positions of objects.

Simulation 1
In this simulation, 15 robots transported a concave object 
with two passive fixed wheels to a desired position and 
orientation. The geometry of the robot was a cylinder 
with parameters of radius 0.1 m, height 0.15 m, and mass 
3.0 kg. The transported object consisted of a base, two 
parallel passive fixed wheels, and a ball caster. The base 
was a J-shaped concave object, as shown in Fig.  5. The 
parameters of the base were the length of the top edge 
2.1 m, the length of the left edge 1.0 m, the length of the 
bottom edge 1.8 m, the width 0.3 m, and the height 0.05 
m, and mass 10.0 kg. The parameters of the wheel were 
radius 0.05 m and mass 1.0 kg, and the parameters of 
the ball caster were radius 0.05 m and mass 1.0 kg. Two 
passive fixed wheels are mounted parallel to the base’s 
bottom at the top and bottom edges, and a ball caster is 
mounted at the left edge. The center of rotation of the 

Fig. 4 Feedback to the object’s surface
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object was offset from the middle point between the two 
passive fixed wheels by 0.038 m in the axle direction and 
0.375 m in the direction of travel.

The coefficient of friction between the object’s base 
and the robot was set as 0.1, and the coefficient of fric-
tion between the object’s caster and the ground was 0.1. 
We set the coefficient of friction between the object’s 
wheels and the ground to infinity to prevent sliding 
along the axle direction. We set the position and orien-
tation of the object’s center of rotation in the initial state 
to px(0) = 4 m, py(0) = 2 m, and θ(0) = 0 deg in the 
inertial coordinate system, and set the object’s desired 
position and orientation to pxd = 0 m, pyd = 0 m, and 
θd = 0 deg. The initial positions of the 15 robots at t = 0 
s are shown in Fig.  5. If the object’s position, orienta-
tion, velocity, and angular velocity satisfied the follow-
ing conditions for 5 s, we defined the task as complete: 
−0.01 < px , py < 0.01,−0.005 < θ < 0.005,−0.001 < v,ω < 0.001 . 

We set the control gains as follows: 
k1 = 0.03, k2 = 0.1, kp = 0.2, and kv = 0.1.

The simulation result with the above settings is 
shown in Fig. 5. As shown in Fig. 5, the robots pushed 
the object to achieve the translational and rotational 
motion of the object, and transported it to the desired 
position and orientation. Figure  6a shows the posi-
tions px and py , and the orientation θ of the object, 
which indicates that they converged to 0. Therefore, the 
position and orientation of the object’s center of rota-
tion reached the desired position and orientation. This 
means that the control objective was achieved and the 
effectiveness of the proposed controller was confirmed. 
Figure  6b shows the velocity and desired velocity of 
the object, and the angular velocity and desired angu-
lar velocity of the object. We found that the object was 
transported by achieving the desired velocities.

Fig. 5 Snapshot of Simulation 1 results of the cooperative transport of a J-shaped concave object by 15 robots

Fig. 6 Object’s states in Simulation 1
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As shown in Fig.  6b, the object’s velocity and angular 
velocity could not reach the desired velocities until t = 3 
s. This simulation was dynamical; hence, it took time to 
reach the desired velocities because of the inertial effect 
of the object.

Simulation 2
In this simulation, 10 robots transported a concave object 
with two parallel passive fixed wheels to a desired posi-
tion and orientation. The robots and the simulation 
environment utilized were identical to those used in 
Simulation1. The base of the transported object was a 
H-shaped concave object, as shown in Fig. 7. The param-
eters of the base were the length of the top edge 1.8 m, 
the length of the middle edge 0.9 m, the length of the 
bottom edge 1.0 m, the width 0.3 m, and the height 0.05 
m, and mass 10.0 kg. The center of rotation of the object 
was offset from the middle point between the two passive 
fixed wheels by 0.038 m in the axle direction.

We set the position and orientation of the object’s 
center of rotation in the initial state to px(0) = 5 m, 
py(0) = −3 m, and θ(0) = 0 deg in the inertial coordi-
nate system, and set the object’s desired position and ori-
entation to pxd = 0 m, pyd = 0 m, and θd = 0 deg. The 
initial positions of the 10 robots at t = 0 s are shown in 
Fig. 7.

The simulation result with the above settings is shown 
in Fig.  7, the position and orientation of the object are 
shown in Fig.  8a, and the object’s velocity and angu-
lar velocity are shown in Fig.  8b. From these figures, 
it is shown that the proposed controller successfully 

transported the H-shaped object to the desired position 
and orientation. Therefore, the proposed method works 
effectively even when the number of robots, object’s 
shape, and initial position of an object are changed.

Real robot experiment
To verify the effectiveness of the proposed controller, we 
conducted two kinds of experiment using real robots. 
In the first experiment, we conducted an experiment in 
which four robots cooperatively transport an object, and 
the results were compared with the results of a dynami-
cal simulation conducted under the same conditions. In 
the second experiment, we conducted an experiment in 
which six robots cooperatively transport an object, and 
verified the robustness and scalability of the proposed 
method by decreasing and increasing the number of 
robots during the transportation.

Experiment and comparison with simulation
In the experiment, we used four robots to transport an 
object with two parallel passive fixed wheels to a desired 
position and orientation.

We configured the experimental system as shown 
in Fig.  9. We acquired the positions px and py , and the 
orientation θ of the object, and the position of the robot 
using motion capture. We sent the data acquired using 
motion capture to the control PC via LAN and the con-
trol PC calculated the velocity input command ui for each 
robot. The control PC then sent the calculated input ui to 
each robot via Bluetooth communication. Although the 
experimental system was centralized, it was appropriate 

Fig. 7 Snapshot of Simulation 2 results of the cooperative transport of a H-shaped concave object by 15 robots
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as a verification experiment because we implemented the 
proposed controller in a distributed manner.

The robot was a 3WD48mm omni-wheel robot from 
Vstone corporation that could independently control its 
position and orientation, and could move in any direc-
tion on a 2D plane. The robot was enclosed by a circular 
cover, which gave it a circular shape with a radius of 0.125 
m and mass of 1.5 kg. The transported object consisted 
of a base, passive stationary wheels, and ball casters, and 
we placed weight on the base to offset the center of rota-
tion from the middle point between the wheels. The base 
was a rectangular object with a base side length of 0.5 m 
× 0.3 m. We fixed the two parallel passive fixed wheels at 
the center of the base and attached four free-rotating ball 
casters at each corner of the base. The mass of the object 
was 1.5 kg, and because we placed a 1.16 kg weight on the 
object, the center of rotation of the object was offset from 
the middle point between the two passive fixed wheels by 
0.03 m in the axle direction and 0.07 m in the direction of 
travel, as shown in Fig. 10. We calculated the offset dis-
placement using CAD software.

We set the initial state of the object to px(0) = 4.0 
m, py(0) = 2.0 m, and θ(0) = 1.0 rad in the iner-
tial coordinate system, and set the desired state of 
the object to pxd = 0 m, pyd = 0 m, and θd = 0 rad. 
We set the initial position of each robot as shown 
in Fig.  10. When the object’s position, orientation, 
velocity, and angular velocity satisfied the follow-
ing conditions for 5 s, we defined the task as complete: 
−0.05 < px , py < 0.05,−0.03 < θ < 0.03,−0.001 < v,ω < 0.001  . 
We set the control gains as follows: 
k1 = 0.03, k2 = 0.1, kp = 0.2, and kv = 0.1.

The snapshot of experimental results is shown in 
Fig.  11. The figure shows that each robot pushed the 

Fig. 8 Object’s states in Simulation 2

Fig. 9 Outline drawing of the experimental system

Fig. 10 Initial scenario in the experiment
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object with passive fixed wheels and transported it to 
the desired position and orientation. Thus, we demon-
strated that the method was effective, even for an object 
with a center of rotation different from the middle point 
between the wheels.

Additionally, we conducted dynamic simulations using 
the same parameter settings as the real robot experiment. 
The results of the simulation are presented in Figs.  12 
and  13, along with the results of the real robot experi-
ment. Figure 12a shows the position px, py of the object, 
which indicates that the object reached the desired posi-
tion. Figure  12b shows the object’s orientation θ , which 
indicates that the object reached the desired orientation 
in both the simulation and experiment. We compared 
the simulation with the real robot experiment, which 

indicated that the real robot experiment took longer to 
converge. In the experiment, there are difference of fric-
tion, viscosity, dead-zone, and other factors that cannot 
be taken into account in the simulation, possibly causing 
the difference between the experimental and simulation 
results.

Figure  13a shows the velocity and desired velocity of 
the object, which indicates that the velocity followed the 
desired velocity. Figure  13b shows the angular velocity 
and desired angular velocity of the object, which indi-
cates that the angular velocity followed the desired angu-
lar velocity. The angular velocity result in the real robot 
experiment was more vibratory than that in the simula-
tion. This phenomenon is considered to have occurred 
because the robots could not accomplish form closure 

Fig. 11 Snapshot of the experimental results of the cooperative transportation of the object by four robots

Fig. 12 Object’s position and orientation in the simulation and the experiment
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away from the object, which allowed the object to move 
freely within the robot’s closure.

Additionally, Fig.  14 represents the velocity along the 
axle direction of the object. Since the velocity along the 
axle direction of the object is sufficiently small, it can be 
confirmed that the nonholonomic constraint is satisfied.

Compared to the dynamic simulation in “Dynamical 
simulation” section, the number of robots used in the 
simulation and the experiment were different, and the 
proposed method accomplished the transportation even 
if the number of robots was different, demonstrating the 
scalability of the proposed method. Also, the shape of the 
object to be transported in the simulation and the experi-
ment was different, and the proposed method achieved 
transport even when the shape of the object was differ-
ent, indicating the flexibility of the proposed method.

Experiment with varying numbers of robots
We conducted an experiment in which six robots 
cooperatively transport an object, and we verified the 

robustness and scalability of the proposed method by 
decreasing and increasing the number of robots during 
the transportation. Two robots were removed during 
transport, and one robot was added at a new location. 
The experimental system, the robots and the object used 
in the experiment are the same as in “Experiment and 
comparison with simulation” section. We set the initial 
state of the object to px(0) = 3.0 m, py(0) = 2.0 m, and 
θ(0) = 1.0 rad in the inertial coordinate system, and set 
the desired state of the object to pxd = 0 m, pyd = 0 m, 
and θd = 0 rad. For explanation, we number the locations 
around the object as shown in the Fig. 15. At the initial 
state t = 0 s, six robots located at 1,  3,  4,  5,  6,  7 in the 
Fig. 15. During the experiment, the robots at 4 and 7 were 
removed at t = 30 s and new one robot was added at a 
new location 2 at t = 60 s. When the object’s position, 
orientation, velocity, and angular velocity satisfied the fol-

Fig. 13 Object’s velocity and angular velocity in the simulation and the experiment

Fig. 14 Object’s velocity along the axle direction in the simulation 
and the experiment

Fig. 15 Robot’s location in the experiment



Page 13 of 16Fukao et al. ROBOMECH Journal           (2025) 12:20  

lowing conditions for 5 s, we defined the task as complete: 
−0.05 < px , py < 0.05,−0.02 < θ < 0.02,−0.001 < v,ω < 0.001.

As shown in Fig.  16 at t = 40 s, we can see that two 
robots were removed and four robots transported the 
object, and at t = 70 s, we can see that one robot is 
added to the new location and five robots transported the 
object.

Figure  17 shows the states of the object, which indi-
cates that the object reached the desired position and 
orientation, even if the number of robots decreases or 
increases during transportation, or if the robots’ loca-
tions change during transportation. Therefore, we 

verified the robustness and scalability of the proposed 
method. However, this method cannot consider the case 
where robots break down and interfere with the progress 
of other robots or objects, or where form closure is not 
achieved, so these issues are future work.

Additionally, Fig.  18 shows the velocity of the object 
along the axle direction. As this velocity is sufficiently 
small, it confirms that the nonholonomic constraint is 
satisfied.

Furthermore, in order to verify the adaptability of the 
proposed method to variations in initial conditions, addi-
tional experiments were conducted with different initial 

Fig. 16 Snapshot of the experimental results of the cooperative transportation of the object by six robots. The number of robots is increasing 
or decreasing during transportation

Fig. 17 Object’s position and orientation in the experiment



Page 14 of 16Fukao et al. ROBOMECH Journal           (2025) 12:20 

orientation. The method demonstrated successful perfor-
mance even when θ(0) = 0 rad.

Additionally, we conducted 10 repeated experiments 
under the same initial conditions for statistical analysis. 
The mean time it took for the object to reach the desired 
position and orientation was 234.35 s, with a standard 
deviation of 29.11 s. This corresponds to a coefficient of 
variation (CV) of 0.12, indicating that the object consist-
ently reached the target within a similar timeframe across 
trials. In many fields, CV value below 0.1 is generally 
considered to indicate sufficiently small variability  [26, 
27]. Furthermore, we computed the time-series data of 
the mean and standard deviation of the object’s position 
and orientation at each time step. We confirmed that the 
standard deviation was not excessively large, thereby ver-
ifying the stability and consistency of the controller.

Conclusion
We proposed a distributed controller for the coop-
erative transport of an object with two parallel passive 
fixed wheels by a swarm robot. We conducted the anal-
ysis of an object with two parallel passive fixed wheels 
and derived the center of rotation of the object as a 
control point of the object. The proposed controller 
consisted of two steps: step 1 determined the desired 
velocity and desired angular velocity of the object to 
reach the desired position and orientation, and step 2 
determined the desired velocity of each robot in a dis-
tributed manner to achieve the desired velocity and 
desired angular velocity of the object. We demon-
strated the effectiveness of the proposed controller by 

confirming that the object reached the desired position 
and orientation in both the dynamic simulation and 
real robot experiment.

Future work includes the realization of a controller 
that reduces the amount of information that the robot 
needs to acquire, experiments in a distributed experi-
mental system, designing a method based on dynamics 
considering force, exploring optimal robot formations, 
investigating strategies for adapting the formation 
during transportation, and considering a method for 
any robot failure. Furthermore, while we proposed a 
method for transporting an object in a distributed man-
ner, we assumed that the robots surround the object 
and form closure is achieved. It remains a challenge for 
future work to develop a method for the robots to sur-
round the object in a distributed manner and achieve 
form closure.
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