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Abstract— This paper presents a decentralized control frame-
work for cooperative object transportation with multiple
robotic manipulators. In particular two admittance schemes
are designed in order to regulate external contact wrenches
and internal interaction wrenches without a central unit or all-
to-all communication. Each manipulator estimates the wrenches
exerted by its teammates through a bank of consensus-based
observers that exploits a strongly connected communication
graph. These estimates feed two local admittance filters: an
external filter, computing the reference object trajectory while
limiting environmental wrenches, and an internal filter, gen-
erating the end-effector trajectory to minimize each robot’s
contribution to internal wrenches. Experiments carried out with
three 7-DOF Franka Emika Panda arms show a marked re-
duction of both external and internal wrenches, demonstrating
the effectiveness and robustness of the proposed approach.

I. INTRODUCTION

Collaboration among multiple robots becomes essential
for tasks beyond the capabilities of a single agent, such as
transporting large or heavy objects [1]. A common approach
is to model all robots and the object within a centralized
architecture [2]. For example, [3], [4] address dual-arm ma-
nipulation by controlling the relative pose of the arms along-
side the absolute position of the object. However, centralized
strategies become impractical under limited communication
or central unit failures. These issues can be mitigated through
decentralized and distributed approaches, which improve
scalability and robustness. In leader–follower schemes, one
robot defines the object’s trajectory while the others track
it using compliant control [5]. For tasks such as balancing
items on a tray, a Model Predictive Control strategy has been
proposed [6], while [7] estimate the object’s centroid from
relative positions and apply distributed control to achieve
cooperative rotation.

Another key challenge is managing the wrenches ex-
changed between the manipulators and the object-distributing
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Fig. 1. Block scheme of the overall control architecture for the k-th agent.
The bank of estimators enables the distributed information flow among the
robots (k = 1, . . . , N ).

them to reduce individual robot effort while minimizing their
impact on the object to preserve its integrity. This can be
addressed through impedance and admittance control [8], [9].

In [10], underwater robots with limited communication
employ a leader–follower scheme for cooperative transporta-
tion, where the leader applies impedance control to follow
the trajectory. Collaborative quadrotors in [11] achieve co-
ordination without external position tracking or inter-robot
communication using an adaptive ascent controller. The
method of [12] is further extended in [13], [14] to teams of
mobile manipulators, where impedance filters regulate both
environmental and internal wrenches. Gradient projection
is adopted in [15] to minimize internal wrenches on the
manipulated object.

In [16], a consensus-based observer is used to estimate the
complete system state, which local controllers then exploit
to compute inputs for mobile manipulators. A subsequent
work [17] introduces a two-stage strategy: first, an estima-
tion of the parameters of an arbitrary object is performed;
second, distributed impedance control is applied to regulate
the robots. In [18], convergence of both object pose and
interaction wrenches is ensured through a decentralized fuzzy
control scheme that integrates disturbance observers with
parameter adaptation.

In this work, we propose a two-stage decentralized admit-
tance control framework for cooperative manipulation with
N manipulators. The method regulates internal wrenches
while distributing external ones across the team. The overall
architecture is illustrated in Fig. 1. A round-robin com-
munication protocol is employed, where each robot uses a
momentum-based observer [19] to measure its own wrench
and estimates those of its teammates. These estimates are
then used to compute two compliant trajectories: one for the
task object and another for the robot’s motion relative to
its peers, thereby reducing stress on the manipulated object.
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The approach is experimentally validated on a setup of three
Franka Emika Panda manipulators cooperatively transporting
a grasped wooden board.

II. MULTI–ROBOT SYSTEM AND COMMUNICATION
TOPOLOGY

Consider a system composed of N manipulators coopera-
tively grasping a rigid object. In the absence of a central unit
for information exchange, communication among the robots
is modeled by a strongly connected directed graph G(R, E),
with E ⊆ R×R, where any two distinct nodes ni, nj ∈ R
are connected by a directed path. The neighbor set of the i-th
robot, containing all robots that can transmit information to
it, is defined as Ni = {j ∈ R : (j, i) ∈ E}.

The graph topology is described by the (N×N ) adjacency
matrix

A = {aij} : aii = 0, aij =

{
1 if (j, i) ∈ E
0 otherwise, (1)

where aij ̸= 0 if the j-th robot can send information to the
i-th, i.e., if j ∈ Ni. The corresponding (N ×N ) Laplacian
matrix is defined as

L = {lij} : lii =

N∑
j=1,j ̸=i

aij , lij = −aij , i ̸= j . (2)

Each robot is assumed to know only its neighbors, without
information about the full communication graph. As shown
in [20], the opposite of the matrix L̄i, obtained from L by
removing the i-th row and column, is Hurwitz.

III. OBJECT DYNAMICS

Let henv denote the vector of wrenches (or generalized
forces) exerted by the object on the environment, and ho

the wrenches applied by the manipulators on the object. The
object dynamics can then be expressed as

Mo(xo)ẍo +Co(xo, ẋo)ẋo + go = γo − γenv , (3)

where xo = [pT
o ϕT

o ]
T (ẋo, ẍo) is the object pose (gener-

alized velocity, generalized acceleration), with po and ϕo

denoting position and Euler-angle orientation. Here, Mo is
the inertia matrix, Co the Coriolis/centripetal matrix, and go

the gravity term. The wrenches are mapped as

γenv = TT
A(ϕo)henv, γo = TT

A(ϕo)ho,

via the matrix

TA(ϕo) =

[
I3 O3

O3 T (ϕo)

]
,

where T (ϕo) relates the Euler angle rates ϕ̇o to the angular
velocity ωo [21], and In, On denote the (n × n) identity
and null matrices, respectively.

The wrench ho is computed through the grasp matrix G
[12]:

ho =

[
I3 O3 . . . I3 O3

S(r1) I3 . . . S(rN ) I3

]h1

...
hN

 = Ghe,

(4)

with

G =
[
G1 G2 . . . GN

]
, Gk =

[
I3 O3

S(rk) I3

]
, (5)

where S(·) is the skew-symmetric operator, rk = pk−po is
the vector from the object origin to the k-th end-effector
(often referred as virtual stick) [22]. Thus, ho represents
the wrenches at the object center of mass, denominated as
external wrenches, while he = [hT

1 . . . hT
N ]T collects the

wrenches applied by each end effector.
Since G has full row rank, (4) admits the inverse solution

[23]:

h = G†ho + V hi = hE + hI , (6)

where G† is a right pseudo-inverse of G, V ∈ IR6N×(6N−6)

is a full-column rank matrix which spans the null space
of G, and hi ∈ IR6N−6 collects the independent wrenches
that do not affect object motion, i.e., the internal wrenches
[22]. These arise when manipulator forces lie in the null
space of the grasp matrix and result from trajectory-tracking
uncertainties or physical constraints. Although they do not
affect object motion, they may induce undesired stresses and
should be minimized.

Following [23], we adopt the basis

V =


−V 1 O6 . . . O6

O6 −V 2 . . . O6

...
...

. . .
...

O6 O6 . . . −V N−1

V N V N . . . V N

,V k=

[
I3 O3

−S(rk) I3

]
.

(7)
Accordingly, hE denotes the external contribution balancing
the object dynamics and the interaction with the environment,

hE =
[
hT
E1

. . . hT
EN

]T
= G†Ghe, (8)

while hI captures the robots’ contribution to the internal
wrench:

hI =
[
hT
I1 . . . hT

IN

]T
= V hi = V V †he. (9)

A. Closed-Chain Constraints

Let us consider the planning of an object trajectory in
terms of position, po,d, and orientation, ϕo,d (expressed,
e.g., using Euler angles). By enforcing the closed-chain
constraints of the system composed of the object and the
N manipulators, the desired motion of each end-effector,

xk,d =
[
pT
k,d ,ϕ

T
k,d

]T
, can be derived according to the

following relations [12]:
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pk,d = po,d + rk,d

ṗk,d = ṗo,d − S(rk,d)T (ϕo,d)ϕ̇o,d

p̈k,d = p̈o,d − S(rk,d)Ṫ (ϕo,d)ϕ̇o,d+

−S(T (ϕo,d)ϕ̇o,d)S(rk,d)T (ϕo,d)ϕ̇o,d+

−S(rk,d)T (ϕo,d)ϕ̈o,d

ϕk,d = ϕ(Ro,dR
o
k,d)

ϕ̇k,d = T−1(ϕk,d)T (ϕo,d)ϕ̇o,d

ϕ̈k,d = T−1(ϕk,d)Ṫ (ϕo,d)ϕ̇o,d+

T−1(ϕk,d)(T (ϕo,d)ϕ̈o,d − Ṫ (ϕk,d)ϕ̇k,d)

(10)

where ϕ(R) denotes the set of Euler angles extracted from
the rotation matrix R, while Ro,d and Ro

k,d represent,
respectively, the desired orientation of the object and the
desired orientation of the k-th end-effector expressed in the
object reference frame Σo.

IV. DECENTRALIZED WRENCH ESTIMATION

In view of (4) and (9), the computation of internal and
external wrenches requires knowledge of each robot’s con-
tribution exerted at its own end-effector, he. This, in turn,
implies either the existence of a centralized unit that collects
all generalized forces and computes the manipulators’ control
laws, or an all-to-all communication scheme among the
robots. Both solutions, however, pose limitations in terms
of scalability and robustness, as they entail an increasing
computational burden with the team size.

An alternative strategy consists in interpreting each robot
as the leader of its own wrench signal, with the remaining
robots acting as followers. Unlike the method proposed in
[24], this approach requires the communication graph among
the robots to be strongly connected. In this framework,
each agent estimates the wrenches exerted by the other
N − 1 robots by running a bank of N − 1 consensus-based
estimators, defined as

i ˙̂hk(t) =k0
∑
j∈Ni

(
jĥk(t)− iĥk(t)

)
, (11)

where i ˙̂hk(t) denotes the estimate, computed by the i-th
manipulator, of the wrench exerted on the object by the k-th
manipulator (k = 1, . . . , N ), and k0 is a positive scalar gain.

Then, the dynamics of the estimation error, ih̃k, can be
derived straightforwardly:

i ˙̃hk = ḣk − i ˙̂hk = ḣk − k0
∑
j∈Ni

(
ih̃k − jh̃k

)
(12)

= ḣk − k0Ni
ih̃k + k0

∑
j∈Ni

jh̃k,

where Ni is the cardinality of the set of neighbors of the
i-th robot. Let’s define the 6(N − 1)× 1 vector, ĥk, which
collects the estimates of hk provided by each robot but the
k-th and the corresponding collective estimation error, h̃k,

Fig. 2. The experimental setup: the piece is grasped and transported by
the robots. The base frame of the robot mounted on the mobile base is
set as the world frame Σw . A cylindrical obstacle is placed within the
robot team’s workspace, firmly fixed to a heavy support. The communication
graph consists of 3 nodes arranged in a cycle graph.

as

ĥk =
[
1ĥ

T

k . . . k−1ĥ
T

k
k+1ĥ

T

k . . . N ĥ
T

k

]T
, (13)

h̃k = (1N−1 ⊗ hk)− ĥk,

where ⊗ denotes the Kronecker product [25]. The collective
error dynamics ˙̃

hk is given by

˙̃
hk = (1N−1 ⊗ ḣk) + L̄0h̃k, (14)

where L̄0 = (−L̄⊗I6). By exploiting the results in [26], the
−L̄ matrix is Hurwitz and, consequently, due to the Kroneker
product properties, L̄0 is Hurwitz as well. Therefore, it is
straightforward to prove that h̃k is asymptotically convergent
to zero in the presence of constant or slowly variant wrenches
hk, while it is bounded in the presence of a bounded time
derivative ḣk.

Let’s define as iĥe the i-th robot estimate of the end-
effector wrench collective vector

iĥe =
[
iĥ

T

1 . . . iĥ
T

i−1 hT
i

iĥ
T

i+1 . . . iĥ
T

N

]T
. (15)

Firstly, the i-th robot can reduce its estimate of the external
wrenches exerted on the object iĥo by resorting to (4):

iĥo = G iĥe (16)

Secondly, it can limit its own contribution to the internal
wrench defined in (9) as

iĥIi = ΓiV V † iĥe, (17)

where Γi = {O6 · · · I6︸︷︷︸
i-th robot

· · · O6} ∈ IR6×6N .
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V. DECENTRALIZED ADMITTANCE CONTROL

The proposed strategy relies on a two-stage admittance-
based framework designed to minimize the internal stresses
acting on the manipulated object, while ensuring bounded
contact forces with the environment in a fully decentralized
manner. The control architecture of the i-th robot (i =
1, . . . , N ) is organized into the following hierarchical levels:

• the outer loop (external impedance loop) computes
the object reference trajectory, xor , ẋor , ẍor , while
distributing the external wrench applied to the object;

• the inner loop (internal impedance loop) generates
the end-effector reference trajectory of the i-th robot,
xir , ẋir , ẍir , while limiting its contribution to the
internal wrenches;

• finally, a motion controller is employed to track the
reference trajectory; in principle, any suitable low-level
motion control strategy can be adopted.

A key feature of this framework lies in its flexibility:
external and internal motion variables are decoupled, allow-
ing the activation or deactivation of each impedance filter
independently or in combination, without compromising the
overall control performance.

The desired object trajectory is provided to the external
impedance filter together with the estimates of the external
wrenches obtained from (16). The object reference motion
variables are then computed by integrating the following
differential equation:

(A− I6)Moẍor +Doẋor +Koxor +
iγ̂o =

Coẋo + go +AMoẍod +Doẍod +Koxod , (18)

whose asymptotic stability is ensured provided that the
eigenvalues of the positive definite diagonal matrix A are
greater than or equal to 1.

Assume that the low-level tracking is perfect, i.e., the
actual and reference poses of the object coincide, xo = xor .
This assumption is reasonable, given the slow trajectories
typically adopted in cooperative transportation tasks. By sub-
stituting the object dynamics into the differential equation,
the desired object behavior is expressed as

AMoëo +Doėo +Koeo = iγ̂env, (19)

where eo = xod − xo. Thus, the object behavior can be
shaped by properly tuning the positive definite matrices
representing inertia (AMo), damping (Do), and stiffness
(Ko). The output of the external impedance filter is then
mapped to the end-effector motion variables through the
closed-chain constraints (10), and subsequently fed into the
internal impedance filter. The latter processes both local
kinematic and dynamic inputs: the i-th end-effector desired
trajectory and the i-th robot contribution to the internal
wrench, obtained from (17). Noticeably, this filter does not
alter the object trajectory; instead, it regulates the i-th end-
effector reference motion to prevent excessive internal forces
and moments, according to

ẍri = ẍdi
+M−1

i

[
Di(ẋdi

−ẋri)+Ki(xdi
−xri)+

iĥIi

]
(20)

where Di, Ki, and M i are (6 × 6) positive definite gain
matrices that define, respectively, virtual damping, stiffness,
and inertia for the i-th end-effector motion.

VI. EXPERIMENTAL RESULTS

Consider a cooperative robotic cell composed of N = 3
Franka Emika Panda arms. One manipulator is mounted
on a mobile base, which is mechanically braked for the
purposes of this study. The multi-robot system executes a
cooperative object transportation task in a fully decentralized
manner. Each agent is assumed to be provided a priori with
the desired object trajectory, i.e., positions, orientations, and
their time derivatives, which serve as input to the external
admittance controller (Section V). A detailed description of
the experimental setup is reported in Appendix I.

A dedicated ROS node is assigned to each robot, enabling
communication and data exchange according to the topology
shown in Fig. 2.

The decentralized scheme consists of three steps: (i) a
wrench estimation phase, (ii) the external admittance filter,
and (iii) the internal admittance filter (see Section V).

At each time instant, the i-th robot acquires the wrench
estimated by its momentum-based observer, hi, together with
the wrench estimates from its neighbors, iĥj ̸=i. To account
for communication delays and packet losses, these signals are
synchronized using the ROS TimeSynchronizer filter. Then,
based on (11), the i-th robot reconstructs the collective end-
effector wrench vector, iĥe, and publishes it on a dedicated
ROS topic. From this information, the external generalized
forces acting on the object center of mass are computed via
(16), together with the i-th robot’s contribution to the internal
wrench via (17).

The estimated external wrenches are subsequently pro-
cessed by the external admittance filter (18), together with
the desired object trajectory. As a result, each robot com-
putes the object reference trajectory in terms of position,
velocity, and acceleration. This reference is then mapped
through the closed-chain constraints, yielding the i-th end-
effector trajectory. Finally, this trajectory, along with the i-
th robot’s internal wrench contribution, is fed into the local
internal admittance filter (20), whose output is published on a
specific ROS topic to be subscribed by the robot’s low-level
controller node.

The task under consideration consists of the decentralized
cooperative transportation of a rectangular wooden piece of
dimensions 90 × 45 × 0.6 cm and mass mo = 0.8 kg,
performed by 3 manipulators as illustrated in Fig. 2.

Let us introduce an inertial frame Σw, coincident with the
base frame Σ0 of the manipulator mounted on the mobile
base (hereafter referred to as Robot 0). The desired trajectory
of the object barycenter is designed to assess the applicability
of the proposed strategy and consists of a translation along
an arc of circumference with radius r = 0.3 m and angle
θp = π/8 rad, combined with a rotation about the z-axis of
θo = π/8 rad. The task is scheduled to be completed in 20
s: it begins with an initial steady-state phase of 2 s, followed
by 15 s of motion, and ends with 3 s of steady state. At the
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initial time instant, the robotic team is already cooperatively
grasping the object. During the execution, the object moves
freely without environmental interactions until approximately
t = 11 s, when it collides with a curved surface.

Since the admittance law (20) is formulated with respect
to the world frame Σw, the reference trajectories sent to
Robots 1 and 2 must be transformed into their respective
base frames, Σ1 and Σ2. This transformation is achieved
through the homogeneous matrices Tw

1 and Tw
2 , which

encode the pose of each robot base frame relative to Σw.
The matrices Tw

1 and Tw
2 are obtained via a calibration

procedure performed with a Vicon motion capture system.
More in detail, six infrared cameras are adopted to measure
the pose of each robot end-effector with respect to the Vicon
base frame. By exploiting the robots’ inverse kinematics, the
relative poses of their base frames with respect to Σw can
then be straightforwardly determined.

Four experiments were conducted to evaluate the effec-
tiveness of the estimator–controller architecture presented
in Section V. In the first case study, the robots coopera-
tively grasping the object were regulated solely through the
baseline low-level positional controller. In the second and
third experiments, the external and the internal admittance
filters were independently activated, thereby isolating their
individual contributions. Finally, the fourth experiment em-
ployed the full proposed controller with both the external
and internal admittance filters, demonstrating the complete
capabilities of the proposed approach.

The gains in (18) and (20) have been set to:

• A = diag{10, 10, 15, 10, 10, 10} ,
Ko = diag{15, 15, 25, 7.5, 7.5, 7.5} ,
Do = diag{75, 75, 75, 50, 50, 50} ,

and

• M i = diag{15, 15, 15, 5, 5, 5} ,
Ki = diag{45, 45, 50, 15, 15, 15} ,
Di = diag{80, 80, 80, 25, 25, 25} .

For both the object and the robots, the damping gains Do

and Di were tuned to guarantee a well-damped response,
while the stiffness matrices Ko and Ki were selected to
ensure a compliant behavior.

A dead-zone on both the admittance filter inputs has been
applied in order to eliminate sensor noise and non-perfect
gravity compensations.

Figure 3 shows the end-effector wrench estimation errors
ih̃k for each agent, normalized with respect to the norm of
the corresponding measured wrenches hk. For compactness,
only the results of the first case study are reported, as they
are representative of the other cases as well. Remarkably,
even in the absence of any admittance controller, the impact
between the object and the obstacle—producing an impulsive
increase in the applied wrench—does not compromise the
estimation performance: errors remain bounded throughout
the experiment and reach their maximum absolute value at
the instant of collision, remaining ≤ 5%.
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Fig. 3. Wrench estimation errors h̃k .

A. Positional Controller

In the first use case, no impedance filter is activated, and
the robots directly track the desired trajectory derived from
the closed-chain constraints in (10), neglecting any force
feedback. As shown in Fig. 4, at the initial time instant
the robots experience a positive external torque along the
z-axis, which is almost completely nullified upon contact
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Fig. 4. Positional controller case study: external wrenches (top) and internal
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Fig. 5. Positional controller case study: position errors (left) and orientation
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with the obstacle. This effect arises because the rotational
motion around the z-axis terminates at impact, leading to
a near cancellation of torques, with only a small residual
sliding along the curved contact surface. The geometry of this
surface allows the object to slightly continue its rotational
motion around the vertical axis.

At the same time, the collision induces an increase in
the external forces within the x–y plane, as expected. In
particular, two peaks in the external force along the y-axis
are observed. These peaks can be attributed to slipping of the
object between the fingertips of one of the robots, positioned
opposite the obstacle with respect to the object’s barycenter.
This is followed by a phase in which the external forces
remain constant. Consequently, the internal force along the
y-axis decreases significantly, leading to a relaxation of
both the internal force and the internal torque squeezing the
object.

Fig. 5 reports the time histories of the object’s position
and orientation errors. Upon contact with the obstacle, the
position error exhibits an instantaneous increase before sub-
sequently decreasing. In contrast, the curved contact surface
mitigates variations in the orientation error, allowing it to
remain consistently low throughout the interaction.

B. External admittance

The adoption of the external admittance filter considerably
reduces the external torques applied to the object during
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Fig. 6. External admittance controller case study: external wrenches (top)
and internal wrenches (bottom).
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Fig. 7. External admittance controller case study: position errors (left)
and orientation errors (right).

the rotational phase preceding the contact with the obstacle
(Fig. 6). After contact, the external torque signal becomes
smoother and settles at a constant value during the final
steady-state phase. A similar behavior is observed in the
external forces: along the x-axis, they remain within the
dead-zone, whereas along the y-axis an impulsive increase
occurs due to the collision, followed by stabilization at a
constant value. Compared to the positional control case, the
external forces after the collision are significantly reduced.

As expected, internal forces and torques do not exhibit
substantial deviations from those observed in the pure posi-
tional control scenario. However, after contact, their absolute
values remain lower, and no impulsive drop associated with
the object slipping through the robot grippers is observed.
Consequently, both internal forces and torques remain nearly
constant until the end of the experiment.

The reduction of the external wrenches results, as ex-
pected, in larger position errors-mainly along the y-axis,
which experiences the highest external force-and orientation
errors around the z-axis (Fig. 7). These error values remain
approximately constant during the final steady-state phase.

C. Internal admittance

Activating the internal admittance filter significantly re-
duces internal forces and torques, as shown in Fig. 8. Before
the contact with the obstacle, both the internal forces in the
horizontal plane and the internal torques around the vertical
axis do not exhibit the increasing trend observed in the

21733



0 5 10 15 20
-30

-20

-10

0

10
External forces

0 5 10 15 20
0

2

4

6
External moments

0 5 10 15 20
-6

-4

-2

0

2
Internal forces

0 5 10 15 20
-2

-1.5

-1

-0.5

0

0.5
Internal moments

Fig. 8. Internal admittance controller case study: external wrenches (top)
and internal wrenches (bottom).
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Fig. 9. Internal admittance controller case study: position errors (left) and
orientation errors (right).

previous case studies, but instead remain bounded. Due to
the absence of the external admittance, however, the collision
leads to peaks in the internal force along the y-axis and the
internal torque around the z-axis, caused by slight slipping
of the object between the robot grippers.

A slight coupling between internal and external torques
can be noticed when analyzing the external force along
the z-axis and the object errors (Fig. 9): no force values
leave the dead-zone, unlike in the previous two cases, where
such deviations are likely due to deformations of the object
caused by higher internal forces and torques. Moreover, the
external forces remain constant, since, although the position
and orientation errors are clearly lower than in the external
admittance case, they are still higher than in the positional
control case. As a result, the object pushes against the
environment surface, leading to high forces and torques.

D. External and internal admittance

In the last case study, both the external and the internal
admittance are activated. As a consequence, the external
wrenches exhibit a behavior nearly identical to that of the
second case study (external admittance only), as do the
position and orientation errors, confirming the decoupling
between the two filters (Figs. 10 and 11). Since no actual
collision with the environment occurs, and consequently no
slipping of the object takes place, internal forces and torques
remain bounded and very low in absolute value throughout
the entire experiment.
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Fig. 10. External and internal admittance controller case study: external
wrenches (top) and internal wrenches (bottom).
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Fig. 11. External and internal admittance controller case study: position
errors (left) and orientation errors (right).

The object’s flexibility leads to the presence of external
torques along the z-axis and external forces along the x- and
y-axes. A slight misalignment of the robots with respect to
the vertical axis causes the appearance of an internal torque
around the x-axis.

This paper presents a decentralized strategy for coopera-
tive object transportation with multiple manipulators, based
on a two-loop admittance control scheme. The approach
guarantees bounded external and internal wrenches, with
coordination achieved through a round-robin communication
scheme.

VII. CONCLUSIONS AND FUTURE WORKS

Experiments with 3 Franka Emika Panda robots confirm a
significant reduction of both external and internal wrenches
when the two admittance filters are enabled.

Future work will address the stability of a fully decentral-
ized implementation without assuming a priori knowledge
of the object trajectory, and extend the validation to mobile-
based manipulators.

APPENDIX I
EXPERIMENTAL SETUP

Three Franka Emika Panda robots are employed in the
experimental setup presented in this work. These are 7-DOF
anthropomorphic manipulators, featuring rotational joints, a
maximum payload capacity of 3 kg, and a repeatability of 0.1
mm. Each robot is equipped with the integrated end-effector
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Franka Hand. Robot control is implemented via the open-
source package franka ros, which serves as a ROS wrapper
for the low-level Franka Control Interface (FCI) provided
through the libfranka C++ library. The FCI offers direct
access to the robot’s actuators and sensors and supports real-
time communication at frequencies up to 1 kHz. This enables
external controllers to interact directly with the robot’s
internal control loop by sending commands and receiving
measurements with low latency. In the proposed setup, each
robot receives joint velocity commands from a Closed-Loop
Inverse Kinematics (CLIK) controller [27] at every control
cycle. In turn, the robot provides measured joint torques as
feedback, leveraging the built-in torque sensors available at
each joint, which stream data at 1 kHz via dedicated ROS
nodes interfacing with the FCI. Although the Panda robot
state can be updated at 1 kHz, the overall control scheme runs
at a lower frequency due to synchronization requirements
among the three ROS topics where the wrench signals
are exchanged. Despite using the Approximate Time policy
provided by the ROS message filters, this synchronization
overhead imposes a lower effective control rate, which settles
around approximately 250 Hz.
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