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Abstract— We present a novel multi-robot manipulation algorithm which allows a large number of small robots to move
a comparatively large object along a desired trajectory to
a goal location. The algorithm does not require an explicit
communication network among the robots. Instead, the robots
coordinate their actions through sensing the motion of the
object itself. It is proven that this implicit information is
sufficient to synchronize the forces applied by the robots. A
leader robot then steers the forces of the synchronized group
to manipulate the object through the desired trajectory to the
goal. We present algorithms that are proven to control both
translational and rotational motion of the object. Simulations
demonstrate the approach for two scenarios; one scenario
with 20 robots transporting a rectangular plank, and another
scenario with 1000 robots transporting a piano.

I. M OLDELING AND P ROBLEM F ORMULATION
We consider a planar region Q ⊂ R2 , where there exists
static and viscous friction, whose coefficients are represented
as µs and µv . The mass and the moment of inertia of the
object are denoted by M and J. We have N identical robots
Ri , i ∈ {1, 2, · · · , N }, each of which can apply a force
Fi ∈ R2 to the object and measure the object’s velocity and
acceleration, denoted by v = ẋc and v̇. The leader robot,
indexed by R1 , is special in that it can: (i)measure the angle
θ and angular velocity ω of the object, (ii) apply a torque
T1 ∈ R to the object.
The translational dynamics of the object can be written
according Newton’s second law:
M v̇ =

N
∑
i=1

Fi − µs M g

v
− µv v.
∥v∥
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Fig. 1.

Configuration of our multi-robot manipulation task.

II. F ORCE C OORDINATION W ITH C ONSENSUS
At the beginning of the task, the motion of the object can
be initiated randomly1 . Once the object starts to move, all
the robots use the following force updating law
Ḟi (t) =

N
N
∑
(
) ∑
Fj (t) − Fi (t) =
Fj (t) − N Fi (t)

(4)

j=1

j=1,j̸=i

v
= M v̇ + µs M g
+ µv v − N Fi (t).
∥v∥
Eq. (4) is computable by every robot using the second row
since all the terms are locally known without communication. The first row in (4) is the commonly used consensus
protocol. If we stack all the forces into one vector F (t) =
(F1 (t) F2 (t) · · · FN (t))T , then (4) can be also put into the
matrix form

(1)

For rotational dynamics, we need to study two types of
torques, associated with friction and robots’ forces respectively. For robots’ torques, we assume that robots are in a
centrosymmetric configuration around the object such that
the resulting torque is close to zero. For frictional torque,
we can prove that it is proportional to the object’s angular
velocity ω:
Proposition 1: Given an object with arbitrary shape in Q,
denote the torque caused by the viscous friction by Tf . Then
µv
(2)
Tf = − Jω.
M
Hence, the overall rotational dynamics can be written as
µv
Jω.
(3)
J ω̇ = T1 − Tf = T1 −
M
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where we can see that L is the graph Laplacian of a completely connected graph.
( According
)
( ∑toN the result in) [1], F (t)
will converge to Ave F (0) 1 =
i=1 Fi (0)/N 1. This is
how we produce the consensus without communication.
The force updating law (4) ensures the force consensus
ending up with the average value of the initial forces. A
leader robot is assigned to steer the consensus by making its
own decision about what force to apply rather than running
(4). If the leader does not change its value, then all the
followers will converge to the leader’s value, i.e.,
lim F (t) = F1 (0)1,

t→∞

(7)

1 For example, all the robots can repeatedly apply forces in random
directions. Eventually enough of the forces will algin by chance to overcome
static friction, and the object will begin to move.

where F1 (0) ∈ R2 stands for the leader’s force, as proven
in [2]. More generally, if the leader keeps changing its value,
the followers will still follow the leader, as stated by the
following theorem.
Theorem 1: Given a multi-robot system containing N
robots, let robot R1 be the only leader in the group, and
the rest are followers which update their forces using (4).
Then the reduced state representation can be written as:
η̇(t) = −η(t) + F1 (t)
(8)
Fs (t) = (N − 1)η(t) + F1 (t)
∑N
where Fs (t) = i=1 Fi (t) is the group force, and η(t) =
∑N
( i=2 Fi (t))/(N − 1) denotes the average force of all
followers.
We can see that by choosing followers’ average force as
the state variable, the group force can be put in the format
of a standard linear control system ẋ = Ax + Bu, y =
Cx + Du. As such, the dynamics from the leader’s input
force to the resulting group force is first-order, meaning that
the leader robot can easily implement feedback control to
steer the group force with desired specifications.

Fig. 2. Manipulation of a 1kg, 0.6m(L)×0.2m(W)×0.1m(H) plank (purple)
with 12 robots. The sphere in blue denotes the leader robot while the
follower robots are yellow spheres.

III. C ONTROLLER D ESIGN AND T RAJECTORY
F OLLOWING
Putting everything together, we can write down the overall
state-space dynamics of the system, and derive a controller
based on it. The inputs of the system are the leader robot’s
force F1 and torque T1 . The outputs are the object’s linear
and angular velocity, v and ω.
Choose v, ω, η as state variables and combine (1),(3) and
(8), we get
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Using standard state feedback techniques, we can control
v and ω and let them track the desired values given by other
higher-level path planning algorithms, such that the object
can follow a specific trajectory. Note that the nonlinear term
−µgvs /∥vs ∥ can be eliminated by offsetting F1 , such that
the overall dynamics is still linear.

Fig. 3. Manipulation of a large piano (purple) with 1000 robots. The
dimensions of the simulated piano are the same as a realistic Steinway K52 piano: weight 273kg, 1.54m(L)×0.67m(W)×1.32m(H). For visualization
considerations, we draw 40 robots instead of 1000.

In the near future, we will implement our algorithms on
real robots. Figure 4 shows the robot platform that is being
developed. Experimental results should come out very soon.
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IV. S IMULATIONS AND F UTURE W ORK
We conduct two manipulation tasks in simulation using
Open Dynamic Engine (ODE), a well-known open-source
physics engine. The objective of the tasks is to transport
an object through an S-shaped maze. In simulation 1, we
perform the manipulation for a rectangular plank with 12
robots. In simulation 2, we use 1000 robots to move a large
piano of realistic dimensions, which verifies the scalability
of our approach. The snapshots of simulation 1 and 2 are
shown in Figure 2 and 3. In both simulations, the robotic
team successfully transports the object through the maze with
rotation being controlled to avoid collision with the wall.

Fig. 4. Hardware platform based on the commercial m3pi robot. Two force
sensors are mounted to measure the 2D force applied by the robot.

