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neglect inertial effects, our formulation explicitly incorporates the complete
coupled dynamics of the robot—object system, including inertial effects,
nonholonomic constraints, and physical contact interactions. A centralized
MPC scheme is developed to compute optimal control inputs while
simultaneously enforcing three critical constraint sets: (1) actuator saturation
limits, (2) nonholonomic motion constraints of differential-drive robots, and (3)
explicit contact maintenance constraints that prevent robot detachment from the
object. Numerical simulations demonstrate that the proposed framework
successfully transports objects from arbitrary initial configurations (x=2 m,
y=0.5m) to desired poses (x=2 m, y=0.5 m) while satisfying all system
constraints. The settling time of approximately 4s is consistent with the system
dynamics and actuator limits. The results confirm that only two nonholonomic
robots are sufficient when using this advanced control methodology. This work
establishes a foundation for dynamic-aware cooperative manipulation systems
that bridge the gap between simplified kinematic approaches and physically
realistic multibody implementations.
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1. Introduction

Cooperative robotics is an evolving domain that shows great potential for creating more resilient and
adaptable robotic systems. Multi-robot systems provide flexible configurations and diverse functionalities,
enabling them to adjust more readily to various environments and missions. They also enhance redundancy
and improve coverage and throughput, which are particularly beneficial for operations in unfamiliar settings,
such as search and rescue, exploration, and surveillance [1]. In this context, a cooperative robotic system is
developed to autonomously transport objects that are too heavy or unwieldy for a single robot to handle alone.
These multi-robot systems have numerous potential applications in everyday activities, including object
transportation in manufacturing facilities, warehouses, construction sites, and other settings. Cooperative
object transportation also necessitates a framework for multi-robot formation control to synchronize the
movements of the robots within the group.

There are three common methods for transporting objects (1) Grasping: robots are physically attached to
the object; (2) Pushing-Only Strategy: robots are not attached and transport is achieved by pushing; and (3)
Caging Strategy: robots are distributed around the object to trap it [2]. The study by [3] is considered a
pioneering work in collaborative transportation using a homogeneous group of simple robots that can only
push objects. A performance study by [4] describes a group of three robots where one member acts as a
watcher and the other two act as pushers. Another study by [5] considered a heterogeneous group of robots
that collaborate to move a box by removing obstacles. For grasping strategies, [6] proposed an algorithm
allowing a homogeneous group of robots to find an optimal arrangement around an object to be lifted and
transported. A motion controller for a four-robot group is described by [7]. For caging strategies, [8] proposed
an algorithm relying only on robots' ability to assess the direction of the object and the positions of neighbors.

Various methods have been employed for motion planning and control of robot teams, including MPC,
artificial potential fields, and impedance control. In this work, MPC is utilized to determine control inputs
while considering physical constraints such as actuator saturation. Recent research has compared formation
control strategies for nonholonomic mobile robots in cooperative transport. [9] compared [-i) control and
Cartesian reference-based control, demonstrating that Cartesian control generally provides better results. [10]
introduced a distributed MPC scheme for cooperative pushing of polygonal objects, where robots
communicate only with immediate neighbors. [11] presented a decentralized control approach for
nonholonomic robots transporting a load without rigid connections, utilizing physical interactions as the main
means of information exchange. [12] proposed a leader-follower decentralized control system where the
leader manipulates the object omnidirectionally and followers maintain constant relative positions using PI
control. [13] developed a decentralized method for a homogeneous swarm of ant-like robots to collectively
transport a palletized load, exploiting caster dynamics without direct communication.

Ref. [14] provided a comprehensive review of control strategies for large-scale material transport,
classifying methods based on coordination architecture and mechanical platform design. Ref. [15] presented
a design methodology for cooperative robots capable of manipulating and transporting payloads by tightening
a payload between a set of mobile robots.



Nomenclature
Symbol  Description Unit
L half the width of the cube m
L, half-length of the cube m
wow the minimum distances between the centers of the robot 1 and robot 2 relative to the centerlines of the m
1272 cube
o cube yaw angle rad
o the robot’s body penetration into the cube m
a(i=12) vyaw angle of the robot i rad
R (i=12) the distance between the robot i center and the wheel m
F(i=12) the left wheel driving forces N
FR (i=12) the right wheel driving forces N
7 (i=12) the lateral forces exerted from the ground to the wheels N
V.(i=12) the velocity of the robot center m/s
N (i=1,2) contact forces between the robot i body and the cube N
m mass of the robots kg
M the mass of the cube kg
( X,V ) Position components of the robot i center of mass m
( X, 7, ) velocity components of the robot i center of mass m/s
( X, 9, ) acceleration components of the robot i center of mass m/s?
( X,y ) Position components of the cube center of mass m
( X, y) velocity components of the cube center of mass m/s
( ¥, y) acceleration components of the cube center of mass m/s?
7 robots’ moment of inertia around their centers Kg.m?
b the cube moment of inertia around its center Kg.m?
¢
K stiffness coefficients of the cube N/m
C damping coefficients of the cube Ns/m
) cube's angular velocity rad/s

Ref. [16] proposed a motion planning method for cooperative transportation in a three-dimensional
environment, dividing the planner into global path planning and local manipulation planning. [17] reviewed
tracked locomotion systems for ground mobile robots, providing taxonomies relevant for designing robust
mobile platforms. Ref. [18] introduced an occlusion-based cooperative transport strategy where robots push
an object only where the direct line of sight to the goal is occluded, proving that any convex object can be
transported without explicit communication. Ref. [19] presented a formation-based cooperative
transportation approach using a virtual leader-follower strategy.

A critical challenge in cooperative transportation is determining the minimum number of robots required
for stable and efficient object manipulation. While many studies employ three or more robots [7, 8, 10], only
a few have investigated the feasibility of two-robot configurations.

Ref. [12] introduced a two-robot system where a follower robot uses fuzzy control for obstacle avoidance,
but their kinematic model neglects inertial effects and contact dynamics. Ref. [13] demonstrated collective
transport with a swarm of ant-like robots, yet their approach required many robots rather than a minimal
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configuration. [19] employed a virtual leader strategy but assumed quasi-static motion, limiting applicability
during aggressive maneuvers. [20] recently proposed a dual-robot formation transport using improved DDPG
navigation; however, their framework remains largely kinematic, does not incorporate multibody dynamics
or robot—object contact forces, and lacks explicit constraint satisfaction guarantees. Similarly, [21] enhanced
multi-robot manipulation with soft grippers and caging-based control, but their method does not address
inertial effects or nonholonomic constraints, making it unsuitable for high-speed transport. In contrast to
these studies, the present paper demonstrates that, for the simulated scenarios considered, two nonholonomic
mobile robots are sufficient for cooperative transportation when a full multibody dynamic MPC framework
is employed. Our formulation explicitly accounts for inertial coupling, contact forces, and nonholonomic
constraints while enforcing actuator and contact maintenance constraints, features absent in the
aforementioned two-robot approaches. This constitutes a significant advancement toward minimal-robot
cooperative manipulation for dynamic environments. In contrast, the present paper derives a complete
dynamic model of the coupled robot-object system and employs an MPC structure that enforces contact,
actuator, and motion constraints simultaneously, providing greater physical fidelity for dynamic cooperative
transportation scenarios.

A notable recent advancement is the work by [22], in which a cooperative transportation scheme for
differential-drive mobile robots using distributed MPC and multibody dynamics representation is proposed
for handling arbitrary polygonal objects. This demonstrates the growing recognition that multibody dynamics
are essential for accounting for contact and nonholonomic constraints. Similarly, [23] integrated
differentiable compliant contact models with MPC for online estimation of contact geometry, and [24]
showed that interaction model estimation-based force-position optimization reduces impact forces by 50%
in rigid-soft heterogeneous contact tasks.

In most studies on cooperative transportation, it is assumed that robots move slowly, thus the inertial
effects of the agents are not considered in the mathematical modeling. Consequently, the dynamics model is
not utilized during the controller design. Moreover, nonholonomic constraints of wheeled robots are included
in the system modeling. This approach aligns with recent trends emphasizing the importance of dynamic
modeling for achieving stable manipulation during aggressive maneuvers where inertial effects dominate [22,
23].

The remainder of the paper is organized as follows: The dynamic modeling of the two cooperative wheeled
robots and the cube is presented in Section 2. In Section 3, the cooperative control strategy is introduced. The
simulation results are provided in Section 4. The discussion is presented in Section 5. The paper is concluded
in Section 6, followed by the references.

2. Dynamic modelling

The concept of cooperative transporting system is illustrated in Figure 1, where two autonomous wheeled
robots are employed to move a large cube to a desired target area. Figure 1 shows a schematic of the system
under study, which includes two cylindrical mobile robots that work together to move a cube in grasping

strategy. In this figure, L, is half the width of the cube, L, is the half length of the cube, d, and d, are the

position vectors of robots’ centers relative to the center of the cube, w; and w, are the minimum distances



between the centers of the robots relative to the centerlines of the cube as shown, € is the cube yaw angle
and & is the robot’s body penetration into the cube.

2.1 Derivation of the dynamic equations of the robots

In Figure 2 and Figure 3, the free-body diagrams of the two robots are shown. In these figures, ¢,(i=12) are
the robots’ centers of mass, ¢, (i=1,2) represents the yaw angle of the robot, R (i=1,2) are the distance between
the robot center and the wheel, F,, (i=1,2) are the left wheel driving forces, F,(i=12) are the right wheel driving
forces, 4 (i=1,2) indicate the lateral forces exerted from the ground to the wheels, v,(i=1,2) is the velocity of the
robot center, and contact forces between the robot body and the cube are N,(i=1,2).

In the present study, the Newton-Euler method is used to derive the equations of motion. Referring to
Figure 2, the equations of motion for the first robot are obtained as follows:

SF, =ma,
N,cos@+F, cosa, + Fy cosa, — A, sina, = mX, o
YF,=ma,
N,sin@+ F, sina, + F,, sina, + 4 cosq, =my, @
qu :(FRI _Fq )Rl :]dl ©)

where m is the mass of the robots, & is the angular acceleration of the first robot, X, and j, are the

horizontal and vertical accelerations of the first robot center of mass and 7 is the robots moment of inertia
around their centers. By defining the following relation, we have:

N, =K&, +¢5, )
where parameters K and C are the stiffness and damping coefficients of the cube, respectively.

X

o

Figure 1. The schematic of the transporting system, including two cylindrical mobile robots collaborating
to move a cube in grasping strategy.
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Figure 2. Free-body diagram of the first robot. Figure 3. Free-body diagram of the second robot.

For the second robot, we have similarly:

>F. . =ma,

—szsinté’J;FL2 cosa, + F,, cosa, — A, sina, = mX, ®)

YF,=ma, ©

N,cos0+F,,sina, + Fy, sina, + 4, cosa, = my,

> M, =(F, —-F )R =1d, 7)
and

N, = K6, +¢4, ®)

where @, is the angular acceleration of the second robot, ¥, and y, are the horizontal and vertical

accelerations of the second robot center of mass, respectively.
2.2 Derivation of the dynamic equations of the cube

In Figure 4, the free-body diagram of the cube is presented. To derive the dynamic equations of the cube,
according to the free-body diagram drawn in Figure 4 and using the Newton-Euler relations, we have:

ZFX =ma_—>—N,cosf+N,sin0=M]X, 9
ZFy =ma, —>—N,sinf@-N,cos0=M y, (10)
> M, =10 —>Nw +Nyw,=10 (11)

where M is the mass of the cube, X, and ), are the horizontal and vertical accelerations of the cube,

respectively, and /, is the cube moment of inertia around its center.
2.3 Derivation of the kinematic equations of the robots

Considering Figure 1 and using the rotating coordinate system with the cube's angular velocity @,, the

kinematic equations of the first robot are obtained as follows:



X

Figure 4. Free-body diagram of the cube.

xlf+y1j=xcf+ycj+3 (12)

1
XI+P =X 04D, ] Vg0, %d, (13)
. . . - g .. —> - . = = . . —> . —>
x.li+j}lj=xci+j}cj+wle2_5lel+@vxd1+mvx(@vxdl)+2mvx w182_5le] (14)
o Arel R ———

rel

where (x,),), (%,5) and (%,,) denote the position, velocity and acceleration components of the first
robot center of mass, respectively. Moreover, (x,,y,),(%.,5,.) and (%, )denote the position, velocity and
acceleration components of the cube center of mass, respectively. Based on Figure 1, vector d, can be

decomposed and rewritten as follows:
15)

. =—sin@i + cosf ] (16)
(17

d=(L,+R-6)%
d =d+wé, >d, =(L, +R—5)é +wé, (18)
where R is the robot body radius.

é =cosfi +sinfj

4

Notice that the parameters R and R, (See Figure 2 and Figure 3) are considered to be equal to the robot
body radius, i.e. R . In other words, the robots’ wheels and consequently the forces F,, and F,, are tangent to
the cylindrical body of the robots.

Similarly, for the second robot, we have:

Xl +y, ] =x.i+y. j+d, (19)

x21+y2]:‘xc i+j}cj+‘7rel+§)sxd2 (20)
_ 4’ - - e d e - — - . — . e d .
Xi+y, j=Xi+V.]j—W,e—-0, e +a)s><c12+a)s><(a)s><dz)+2a)s><[—wzel—52 ez} @
ay (2]
Vrel
(22)

072 =(L,+R-6,)e,~-w,e,
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where (x,,5,),(%,,,) and (%,,7,) denote the position, velocity and acceleration components of the
second robot center of mass, respectively.

2.4 Non-holonomic constraints

To derive the non-holonomic constraints of the robots, the following steps are taken:

(X, i+y,j)e =0, e =-sin(e )i +cos(e;)j, i=12 (23)
[—sm(al.) cos(ai)][ } =0 - 4 (al.){ } =0, i=12 (24)
4 (a;) i Y i
By differentiating equation (24) with respect to time, we have:
Al.(al.)[l +Ai(ai){_} =0, i=12 (25)
Y Y

2.5 Solving equations

The vector of unknowns that are used for dynamic modeling, is defined as

Z:[é‘l 52 wow, 4 ﬂ'z]T =

which can be obtained through the following relation:

1=-4'8, e
where,
—cosd 0 —sind 0 Shey 0
m
—sin@ 0  cos® 0 A
m
0 sind 0 —cos@ 0 sSna,

~ 28
0 —cos®@ 0 —sin@ 0 —cosa, (28)
m
1
0 0 0 0 — 0
m
1
0 0 0 0 0 —
= m

T (29)
BL:[bl,l b2,1 b3,1 b4,1 b5,1 b6,1:|



b, :M—29(Wl cosf -5, siné?)—l((FL1 + Fy,).cosa, + N, .cos0)
’ M m (30)
—6*(A.cos 0 —w, sin 0) —Nl+°s‘9—[i(w11v1 +w,N,)(A.sin @ + w, cos 9)
b,, :‘Nz'—“’sg—zév(w1 sin@+ 3, cose)—l((FL1 +F,).sine, + N, .sin @)
’ M m a1
—6*(A.5in 0+ w, cos ) —%M-FIL(WINI +w,N, ) (A.cos 0 —w, sin )
by, :]\/2L111‘9+26.’(W2 sin @ + &, cost9)—l((FL2 + Fy,).cosa, — N, .sin )
m
, (32)
+6*(B.sin 0+ w, cos 0) —%"SQ—IL(W]N] +w,N, ) (B.cos 0 —w, sin )
by, :_NI'TSIHQ—Zé(Wz cos@—5, sinH)—l((FL2 +F,)).sina, + N, .cos 0) —6”(B.cos @ — w, sin 0)
m
(33)
—N2+°s’6’—]i(w,N1 +w, N, ) (B.sin 0+ w, cos 0)
1 . . . . .
by, =——[ N,sin(a, —0)+mid, cosa, + mjd sing | (34)
m
1 .. . . 4
by, = ;[Nz cos(at, —0) - mi,d, cosa, —m j,d, sina, | (35)
A =mx ¢ cosay +my e sinay + N, sin (o —0) (36)
A, =mXx,a, cosa, +my,c, sina, — N, cos(oz2 — 9) 37)
N, =K68,+C.6,, A=R+§—6,
I (38)
N, =K 6, +C.5,, B:R+Z—52
_ (Fm _FLI)Rl - (FRZ _FLZ)RZ (39)

1 > 2
1 1
where L is the length of the cube which is considered as twice its width.

3. Cooperative control strategy

In the present study, MPC is used where physical constraints such as actuator saturation, can also be
considered. By correctly tuning the controller's parameters and adjusting the weighting coefficients of the
cost function, in addition to satisfying the constraints, a compromise can be reached between the defined
objectives (such as path tracking error and control effort).

3.1 Model predictive control

The structure of model predictive control is divided into the following three main parts:
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1. Using the model to predict the future behavior of the system.
2. Calculating the optimal control signal by optimizing the objective function.
3. Using the receding horizon approach and applying the first control signal to the system.

State vector of the system is considered as

X=[x. y. 0 W w a a 6 6 i 0 weow, o 51 52]T (40)

4

The cost function which should be minimized is defined as follows

k+N

J = 2 [ nel ORe, () +y.e,(e, () + el (e, (D) + e (e, (D) + sz (D7) ] (41
i=k
where,
X, X,
e =X(1:3)-X.1:3)=|y. |—|y |
6 0,
WI
e, =X(4:5=| "],
W,
X | |5 (42)
e, =X(10:12)- X (10:12) =| y. [-| 3,
0| |é

r

a
e,=X(15:16)- X,(15:16) :{ f},
@,
T
c=|F, F, F, F,|,
in which, K is the current time index and J, are weighting coefficients. The weighting coefficients
V1> 72 735 Va»¥s and R, were selected through iterative trial-and-error with the following rationale:
1-Increasing 7, and diagonal terms of R, will prioritize the cost of position and yaw tracking errors.
2- Increasing y, will force w, and w, to converge to zero.
3- Increasing »; moderate weight to avoid aggressive acceleration.
4- Increasing y, prevents fast angular velocity of robots.

5- Increasing y, decreases the control effort.

The cost function should be minimized subject to the following constraints:

|FRI|<F1

,max ? F'[4 | < FI,max 4

|FR2 | < F'2,max’

£ | <F s (43)

3 3
|W1| <ZL1, |W2| < ZLZ
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4. Simulation and results

In Table 1, the required parameters for the system simulation are presented. For doing the simulation, an
initial state vector is considered as

X©0)=[2m 0 05rad 0 0 0 0 0 0. 00000000 O (44)

, and reference state vector is

Xr = 018><1 (43)

, and other parameters are

1 0 0
R, =10 1 0], »,=500,y,=50,y,=50,y,=0.1, 7, =0.02. (46)
0 0 10

The implementation software and MPC discretization characteristics are:

e Optimization solver: MATLAB® fmincon with sequential quadratic programming (SQP).
e Model discretization: Zero-order hold with sampling time AT =0.05s using forward Euler method.

Figure 5 illustrates the cooperative transportation sequence at eight-time instants (t=0.05, 0.45, 1, 1.2, 1.9,
24,3, 3.4,3.5). At t=0 s, the cube and two robots start from arbitrary initial positions. Between t=0~3s, the
cube undergoes coordinated translation and rotation as the robots apply optimal control forces under
nonholonomic and contact constraints.

Table 1. Simulation, Control, Geometrical and Physical Parameters.

Parameter Description Value
T f Simulation Time 4s
AT Time Step 0.05s
N » Prediction Horizon 4
N . Control Horizon 4
E max Fz,max Actuator Force Bound 4N
K Stiffness Coefficient 400 N/m
C Damping Coefficient of Cube 15 N.s/m
m,m, Mass of Robots 0.2kg
M Mass of Cube 4kg
1 . Cube Moment of Inertia 1 kg.m?
R Radius of Robots 0.15m
L Length of Cube 2m
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Figure 5. Sequential snapshots of the cooperative transportation process at eight-time instants (t=0.05,0.45,1,1.2,1.9,2.4,3,
3.4,3.5), showing the positions and orientations of the cube and two nonholonomic mobile robots (circles) under the proposed
full multibody dynamic MPC framework. The cube successfully moves from its initial configuration (Slot 1) to the desired

destination (Slot 9).
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By t=3~3.5 s, the cube approaches the desired pose with decreasing tracking error. At t=3.5s, the cube
successfully reaches the target configuration while both robots maintain stable contact. The sequence
demonstrates that two nonholonomic robots are sufficient for dynamic cooperative transport using the
proposed full multibody dynamic MPC framework. The cube position and its yaw angle are illustrated in
Figure 6 and Figure 7, respectively. It is clear that, two robots have successfully cooperated to move the cube
from the starting point to the desired destination in the presence of constraints.

Figure 8 shows the time history of reaction forces between the two robots and the cube. It is evident that
the connection and interaction between the two robots and the cube during the movement are reasonable. The
control forces (the force of the left and right wheels) of two robots, as well as the difference between them
are illustrated in Figure 9 and Figure 10. By the suitable control logic, the actuator saturation ([-4N, 4N]) is
satisfied. The difference between the Fr and Fi. will result in angular acceleration for each robot (&, ).

E 15
5
= ! =
b4 g
o £
o o5 <
[}
o)
=
O o0

05 ‘ ‘ | ‘ . ‘ _ | ‘ ‘ . | | ‘

0 0.5 1 1.5 2 25 3 35 4 0 0.5 1 15 2 25 3 35 4
Time (s) Time (s)
Figure 6. Cube position from the initial to the desired Figure 7. Cube yaw angle with respect to time during its
destination. movement from the initial to the desired destination.

N
[$)]

-
o
T

& o o
:

Interaction Forces (N)
>

N
3
T

-20

0 05 1 15 2 25 3 35 4

Time (s)
Figure 8. The diagram of reaction forces between the two robots and the cube with respect to time during the movement from
the start to the desired destination.
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Figure 11 shows the lateral forces exerted by the ground on the wheels of the robots. As observed, these
forces are bounded and applied by the ground to the wheels of the robots throughout the entire cube
movement period. The variation in the relative distances between robots’ centers and cube along the rectangle

sides (W, and W,) is illustrated in Figure 12. It can be concluded that by control logic robots remain in the

desired area along the rectangular cube, in other words robots do not escape from the cube.

Furthermore, Figure 13 shows the variations in robots’ penetration into the cube (0, and 9, ) from the start
to the desired destination.

Robot 2 Driving Forces (N)

Robot 1 Driving Forces (N)
o

o
o
o
N
N
o
NS
N
o
w
w
13,1
IS

z z
|.I.: |-|-g
|.|.‘: l-l-ﬁ
0 05 1 15 2 25 3 35 4 o 05 1 15 2 25 3 35 4
Time (s) Time (s)
Figure 9. The first robot wheels’ driving forces generated Figure 10. The second robot wheels’ driving forces
by control logic. generated by control logic.

A Forces (N)

0 0.5 1 1.5 2 2.5 3 3.5 4
Time (s)

Figure 11. Forces exerted by the ground on the wheels of the robots.
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0.03
0.02f
E E o1}
c (2]
S g
= ] 0
4 k7]
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i1} 3 -0.01
2 8
[]
- S -0.02
© o
0.03
: - - . . . . -0.04 L L L L L L L
0 Oo4uyl 12 2 25 3 35 4 o o5 1 15 2 25 3 35 4
Time (s) Time (s)
Figure 12. Variation in the relative distances between Figure 13. Robots’ penetration into the cube.

robots’ centers and cube along the rectangle sides.

5. Discussion

The simulation results presented in Section 4 demonstrate that the proposed full multibody dynamic MPC
framework successfully enables two nonholonomic mobile robots to cooperatively transport a rigid cube
from an arbitrary initial configuration to a desired pose while satisfying all system constraints. This section
interprets these results, compares them with related work, and discusses limitations and future directions.

5.1 Interpretation of Key Results

Successful transportation with only two robots: Figure 6 and Figure 7 show that the cube’s position and
yaw angle converge smoothly to their desired values within the 4 s simulation horizon. This confirms that,
within the scope of the simulated scenarios, two nonholonomic robots are sufficient for stable cooperative
transport when full dynamics and contact constraints are explicitly considered in the MPC formulation. This
finding is significant because most existing cooperative transport studies require three or more robots [7, 8]
or rely on omnidirectional/holonomic platforms [10] to achieve similar maneuverability.

Constraint satisfaction: Figure 9 and Figure 10 confirm that actuator forces remain within the prescribed
[—4 N, 4 N] saturation limits, demonstrating the MPC’s ability to enforce physical feasibility. Figure 11
shows that lateral ground forces on the wheels remain bounded, indicating stable nonholonomic motion
without slip. Figure 12. And Figure 13 show that the relative distances between robots and the cube (w;) and
penetrations (§;) remain within acceptable bounds, confirming that contact maintenance constraints
successfully prevent robot detachment — a critical requirement for grasping-based transport.

Dynamic effects during maneuvers: The reaction forces shown in Figure 8 exhibit transient peaks during
the initial acceleration and turning phases (approximately t = 0—1s). These peaks would be entirely
neglected by quasi-static or kinematic-only approaches [5, 18]. Their presence in our results validates the
necessity of full multibody dynamics for aggressive or high-speed maneuvers.
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Table 2. Comparison with Related Work.

Quasi-static/Kinematic

Criterion Appro[aslcll;e]:s cg., DlStI’lbl[lltOe]d MPC Learm[rzl(;g]-based This Work
. ’ v Included x Largely \ Full multibody
Inertial effects * Neglected (multibody) kinematic dynamics
Nonholoqomlc x Often simplified V Yes x Not explicitly \ Explicitly enforced
constraints
Contact constraints x Implicit/assumed \ Yes x Not addressed VExp .hCIt contact
maintenance
Number of robots >3 >3 2 2 (minimal)
MPC framework x Not used \ Distributed x DDPG (RL) \ Centralized MPC
SuitaQUgllF fast x No V Yes x Limited V Yes

mancuvers

5.2 Comparison with Related Work.

Key differences from [10]: While Ebel and Eberhard used distributed MPC with omnidirectional robots
and communication between neighbors, our approach uses centralized MPC with nonholonomic differential-
drive robots and explicitly enforces contact maintenance constraints — a critical feature for grasping-based
transport that is absent in pushing-only strategies.

Key differences from [20]: Tang et al. employed DDPG-based navigation for dual-robot formation
transport, but their model is largely kinematic and does not incorporate multibody dynamics or contact forces.
Our MPC framework offers constraint satisfaction and physical fidelity that are advantageous for dynamic
maneuvers, although a direct quantitative comparison with these methods remains as future work.

5.3 Limitations

Despite the promising results, several limitations should be acknowledged:

1. Simulation-only validation: The results are based on numerical simulations. Experimental validation
with physical robots is necessary to assess real-world challenges such as sensor noise,
communication delays, and unmodeled friction.

2. Planar assumption: The model assumes motion in a planar environment. Extension to three-
dimensional terrains with slopes or uneven surfaces would require additional considerations for
stability and contact modeling.

3. Object shape: The simulations used a cube. While the formulation is general, performance for highly
irregular or non-convex objects may require additional constraints or formation reconfiguration
strategies.

4. Computational load: MPC with full multibody dynamics can be computationally intensive. Real-
time implementation may require optimization techniques such as shorter horizons or code
generation.
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5.4 Computational cost and real-time feasibility

The computational cost of the proposed MPC scheme was evaluated on a standard desktop computer (Intel
Core i7, 16 GB RAM) using MATLAB® fmincon with SQP algorithm. The average solve time per iteration
is approximately 1.5 s, which exceeds the 0.05 s sampling interval. Therefore, real-time implementation on
this hardware configuration is not currently feasible. This limitation arises primarily from the use of a general-
purpose optimization solver in an interpreted environment. However, several established strategies can
address this issue for practical deployment: (1) implementation in compiled languages such as C++ with
tailored QP solvers (e.g., gqpOASES, OSQP, or FORCES Pro), which typically achieve solve times two to
three orders of magnitude faster; (2) reduction of the prediction horizon or problem size; (3) exploitation of
the problem's sparse structure; or (4) use of more powerful embedded hardware such as FPGA-based
platforms. These improvements are identified as essential steps toward real-time implementation and are
considered in the future work section.

5.5 Future Directions

Building on the contributions of this work, several avenues for future research are identified:

e Experimental validation: Implement the proposed MPC framework on physical differential-drive
robots (e.g., Pioneer P3-DX or e-puck platforms) to validate simulation findings.

e Obstacle avoidance: Integrate obstacle avoidance constraints into the MPC formulation for
operation in cluttered environments.

e Robust MPC: Extend the framework to handle model uncertainties (e.g., unknown object mass,
friction coefficients) using robust or adaptive MPC techniques.

e Heterogeneous robot teams: Explore cooperative transport using mixed teams of nonholonomic
and holonomic robots to combine maneuverability with payload capacity.

6. Conclusions

This paper has presented a Model Predictive Control (MPC) framework for cooperative transportation of
a rigid body using only two nonholonomic mobile robots — the minimal configuration capable of
manipulating an object in the plane. The key contribution is the integration of a full multibody dynamic
model within a centralized MPC formulation, which explicitly accounts for inertial coupling, nonholonomic
constraints, and physical contact interactions between robots and object. Unlike prior approaches that rely on
quasi-static or kinematic approximations — which neglect inertial effects— our method provides a physically
accurate representation essential for dynamic manipulation tasks.

The MPC controller was designed to simultaneously enforce three critical constraint sets: (1)
nonholonomic motion constraints of differential-drive robots, (2) actuator saturation limits, and (3) explicit
contact maintenance constraints that prevent robot detachment from the object boundary. Numerical
simulations validated the controller’s effectiveness in transporting objects from arbitrary initial
configurations to desired poses while maintaining all constraints. It is important to emphasize, however, that
these results are obtained under simulation and nominal operating conditions; experimental validation under
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real-world disturbances and uncertainties has not yet been performed. Notably, the results demonstrate that,
for the scenarios tested in this study, only two nonholonomic robots are sufficient for stable transportation
when leveraging this dynamic, aware control approach, a finding that challenges the conventional wisdom
that three or more robots are required for robust cooperative transport. A formal proof of minimality,
however, would require further theoretical investigation.

The proposed framework contributes to the literature by providing a methodologically complete solution
that combines full multibody dynamics with constrained optimal control for minimal-robot configurations.
While the comparisons with existing methods are primarily qualitative, they highlight the potential
advantages of the proposed approach in terms of physical fidelity and constraint satisfaction.

Future work will focus on three main directions. First, experimental validation using physical differential-
drive robots is essential to assess the framework's performance under real-world conditions. Second,
robustness analysis against parameter uncertainties, external disturbances, and modeling errors will be
conducted to extend the controller's applicability to more challenging environments. Third, the scalability of
the approach to larger robot teams will be investigated, exploring both centralized and distributed MPC
formulations. These extensions will further strengthen the practical relevance of the proposed framework.
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