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Abstract— This paper proposes a decentralized passive
impedance control scheme for collaborative grasping using
under-actuated aerial manipulators (AMs). The AM system
is formulated, using a proper coordinate transformation, as
an inertially decoupled dynamics with which a passivity-based
control design is conducted. Since the interaction for grasping
can be interpreted as a feedback interconnection of passive
systems, an arbitrary number of AMs can be modularly
combined, leading to a decentralized control scheme. Another
interesting consequence of the passivity property is that the
AMs automatically converge to a certain configuration to
accomplish the grasping. Collaborative grasping using 10 AMs
is presented in simulation.

I. INTRODUCTION

As multi-rotors can reach anywhere in 3D space with little
restriction, they have been applied to applications such as
monitoring, mapping, and surveillance. Apart from these,
there are active missions that involve physical interaction
such as contact inspection [1]–[3] and slung load transporta-
tion [4], [5]. Indeed, a number of studies have proposed the
design and control of aerial manipulators (AMs) [6]–[10].

To accomplish active tasks, in this paper, we focus on
AMs in which an n degree-of-freedom (DOF) non-redundant
robotic manipulator is mounted on an under-actuated multi-
rotor. As the payload of an AM is typically limited,
lightweight designs of manipulators have been proposed
[11], [12], however usually at the cost of reduced control
performance. To overcome the limited payload, this paper
presents a control strategy that enables the collaboration of
multiple AMs, within a scenario of collaborative grasping. In
particular, we accomplish the scenario by applying a passive
impedance controller to each AM in a decentralized manner.

However, dynamic coupling between an under-actuated
floating base and a robotic manipulator makes the control
problem complicated even for a single AM. To reduce such
complexity, some studies developed fully-actuated multi-
rotors by tilting propellers in a proper way [1], [2]. Since the
propellers are not collinear anymore, however, full actuation
can be achieved only with reduced payload capacity.

With an under-actuated multi-rotor, several studies have
proposed the design and control of AMs to accomplish com-
pliant interaction. [13]–[15] achieved stable physical interac-
tion with mechanical elements that introduce compliance to
the end-effector. [16]–[18] proposed an energy-based control
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Fig. 1. This work aims at accomplishing collaborative grasping using
multiple AMs with a decentralized control scheme. The passivity-based
impedance control makes AMs converge to certain configurations at which
they can balance each other.

method, which is essentially similar to the passivity-based
control approaches. When a multi-DOF manipulator is used,
[19], [20] have shown that a proper coordinate transformation
leads to an inertially decoupled dynamics with which control
design becomes much more convenient. Inspired by prior
work, we will utilize a passivity-based control method with
the inertially decoupled AM dynamics.

Control problem becomes even more complicated for the
collaborative grasping scenario due to the coupled dynamics
between multiple AMs. To simplify the problem, some
studies assume that an object can be rigidly attached to the
end-effectors using, for example, magnetics [21], [22]. In this
setup, multi-agent coordination is of interest rather than the
realization of stable grasping. To tackle the grasping problem
explicitly, [23], [24] posed an optimization problem, and
[25] designed an internal impedance controller using a grasp
matrix. However, since these methods require a centralized
controller, scalability is questionable when many AMs are
involved in the mission.

In this paper, to enable a decentralized control scheme, we
use the passivity theory that leads to modularity due to the
well-known fact that passivity is preserved under a feedback
interconnection of passive systems [26]–[28]. To this end,
we employ a coordinate transformation [20] that results in an
inertially decoupled AM dynamics to which we can apply a
passive impedance control method. As the passivity property
provides modularity, the proposed method is scalable in the
sense that many AMs can collaboratively grasp an object in
a decentralized manner. More specifically, the states of other
AMs do not appear in the control law.

Technical contributions of this paper can be summarized
as follows. At the pre-grasping phase (i.e. at the free-flight
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Fig. 2. An under-actuated aerial vehicle equipped with an n DOF non-
redundant robotic manipulator.

phase), uniform asymptotic stability is achieved for each
AM. Under the interaction, we show that the input-output
(I/O) pair of an AM is output strictly passive. Consequently,
collaborative grasping is accomplished stably by successively
applying feedback interconnections that preserve passivity.
Using the proposed control strategy, each AM converges to
a certain configuration at which multiple AMs balance each
other, achieving a stable hovering (see Fig. 1).

This paper is organized as follows. Section II presents an
inertially decoupled AM dynamics. In Section III, a decen-
tralized passive impedance control scheme is proposed and
convergence under collaborative grasping is shown through
passivity analysis. Section IV validates the proposed control
scheme via simulations and Section V concludes the paper.

II. SYSTEM MODELING

A. Dynamic equations of aerial manipulator

Let us consider an under-actuated aerial vehicle equipped
with an n DOF non-redundant robotic manipulator as shown
in Fig. 2. {w}, {b}, and {e} represent the world frame,
the floating base frame, and the end-effector frame. {b} is
located at the center of mass (CoM) of the aerial vehicle.
Assume that all external forces are applied only at the end-
effector by the environmental interaction. Then, the dynamic
equations of the system can be written as

M(q)V̇ +C(q,V )V + g(Rb, q) = τ + JT
e Fe, (1)

with V = [vT
b wT

b q̇T ]T ∈ Rn+6. vb and wb are the body
linear and angular velocities of the floating base. q ∈ Rn is
the joint configuration of the manipulator, and Rb ∈ SO(3)
represents the floating base orientation. M ,C, and g are the
inertia matrix, Coriolis/centrifugal matrix, and gravity vector,
respectively.

τ = [0 0 f τT
b τT

q ]T ∈ Rn+6 is the generalized force,
where f is the total thrust of the under-actuated aerial
vehicle, τb ∈ R3 is the torque of the floating base, and
τq ∈ Rn is the joint torque of the manipulator. Note that
the system is under-actuated because the thrust can only be
generated along the body z-axis. Next, Fe = [fT

e τT
e ]T ∈ R6

is the end-effector’s body wrench, where fe and τe represent
force and moment, respectively. Je ∈ R6×(n+6) is the end-
effector’s body Jacobian that maps V to the end-effector’s
body twist; i.e., Ve = [vT

e wT
e ]

T = JeV . Here, ve and we

are the body linear and angular velocities of {e}.

B. Inertially decoupling coordinate transformation

Motivated by [20], we employ the following coordi-
nate transformation which maps V to a new coordinate
ξ ∈ Rn+6.

ξ ≜

 ṙc
wb

ρ

 =

 Jc

Jwb

N

V (2)

=

 Rb −r̂bcRb ∂rbc/∂q
0 I 0
0 N1 I


︸ ︷︷ ︸

=T

V , (3)

where rc is the CoM of the aerial manipulator represented in
{w} (see Fig. 2). rbc is the vector from {b} to the CoM of
the aerial manipulator, expressed in {w}. The hat operator
maps R3 to so(3), i.e.,

r̂ =

 0 −rz ry
rz 0 −rx
−ry rx 0

 ∈ so(3), (4)

where r = [rx, ry, rz]
T ∈ R3. ρ ∈ Rn is the nullspace

velocity and N is a dynamically consistent nullspace
projector defined by N = (ZMZT )−1ZM [29]. Here,
Z = [−(∂rbc/∂q)

TRb 0n×3 I] ∈ Rn×(n+6) is a nullspace
base matrix, satisfying Z[JT

c JT
wb
] = 0.

Note that the explicit computation of N
results in N = [0n×3 N1 I] (see (3)) using
Mmt = m(∂rbc/∂q)

TRb ∈ Rn×3, where Mmt is the
inertia coupling matrix between the manipulator and the
floating base translation, and m is the total mass. Moreover,
T−T has the following structure. This can be easily
validated by calculating it by hand.

T−T |first 3 × (n + 6) = [Rb 03×3 03×n]. (5)

Employing the coordinate transformation T , interestingly,
the transformed inertia matrix (TM−1T T )−1 becomes
block-diagonal. Using ξ = TV in (2), the dynamic equations
(1) can be rewritten in the coordinate ξ as follows: mI 0 0

0 Λwb
0

0 0 Λρ


︸ ︷︷ ︸

=Λξ

ξ̇ +

 0 0 0
0 Γwb

Γwb,ρ

0 −ΓT
wb,ρ

Γρ


︸ ︷︷ ︸

=Γξ

ξ

+

 mge3
0
0


︸ ︷︷ ︸

=ζξ

=

 u1Rbe3
u2

u3


︸ ︷︷ ︸

=u

+

 Frc

Fwb

Fρ

 ,

︸ ︷︷ ︸
=Fξ

(6)

with the transformed inertia matrix Λξ, Coriolis/centrifugal
matrix Γξ, gravity vector ζξ, the gravitational acceleration
g, and e3 = [0 0 1]T .
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u and Fξ are the transformed generalized force and
external forces given by u = T−T τ and Fξ = T−TJT

e Fe.
By calculating u = T−T τ , in fact, one can easily check that
u1 = f . Note also that the explicit computation of the first
three elements of Fξ = T−TJT

e Fe leads to Frc = Refe,
where Re is the orientation of {e} relative to {w}.

The first, second, and third rows of (6) correspond to the
CoM dynamics, the floating base orientation dynamics, and
the nullspace dynamics, respectively. We remark that the first
and the second rows of (6) have a similar structure to the
standard under-actuated multi-rotor dynamics.

III. CONTROL FRAMEWORK

A. Control strategy
This paper aims at grasping an object using an arbitrary

number of AMs which are under-actuated. Since a dynamic
equation of one AM is given by (6), that of multiple AMs
coupled via Fe becomes very complicated to handle. To
overcome this, we propose a decentralized control scheme in
which a passive impedance control is applied to each AM.
Since a feedback interconnection of passive systems pre-
serves passivity [30], the proposed control scheme achieves
modularity that ensures stable collaborative grasping with
any number of AMs.

Recall that the first and second rows of (6) have a similar
structure to the standard multi-rotor dynamics. Thus, we uti-
lize a geometric tracking control, which is a well-established
approach for multi-rotors [31], with little modification. On
the third row of (6), we apply a technique similar to the
output feedback linearization, to realize a passive impedance
behavior on the manipulator’s end-effector.

From the theoretical point of view, we show (i) uniform
asymptotic stability for free-flight, (ii) passivity property
of a single AM, and (iii) convergence under collaborative
grasping. The first one is relevant to the pre-grasping phase
in which AMs fly independently, and the others come into
play when the grasping occurs.

B. Control design
1) CoM control: Consider the control law given by

u1 = (mr̈c,d +mge3 −Ktr̃c −Dt
˙̃rc − Frc︸ ︷︷ ︸

=fd

) · (Rbe3),

(7)

with positive definite gain matrices Kt and Dt.
r̃c = rc − rc,d is the CoM position error where rc,d
is the desired trajectory of the CoM. fd is the PD control
with an acceleration feed-forward term and the external
force compensation including the gravity. By compensating
for the external force, the CoM dynamics is not affected by
the environmental interaction.

u1 is designed as the projection of fd onto the floating
base z-axis. Therefore, to stabilize the CoM dynamics, fd

has to be directed toward the body z-axis of the floating
base as much as possible. To this end, the desired floating
base rotation can be defined as follows [31]:

Rb,d = [b2d × b3d b2d b3d], (8)

where b3d = fd/∥fd∥ and b2d = (b3d × b1d)/∥b3d × b1d∥
with the desired heading direction b1d of the floating base.
Assume that ∥fd∥ ≠ 0.

2) Floating base orientation control: To achieve
Rb → Rb,d (8), u2 is designed as follows:

u2 = Λwb
[ẇb,d−Λ−1

wb,d
(kReR + kwew)]

+ Γwb
wb + Γwb,ρρ− Fwb

, (9)

where Λwb,d > 0 is the desired inertia, and kw, kR are
positive scalar gains that respectively represent the desired
damping and stiffness values. The orientation error eR and
the angular velocity error ew are defined by

eR =
1

2
(RT

b,dRb −RT
b Rb,d)

∨, (10)

ew = wb −RT
b Rb,d(R

T
b,dṘb,d)

∨︸ ︷︷ ︸
=wb,d

, (11)

where the vee operator (·)∨ : so(3) 7→ R3 is the inverse of
the hat operator.

This control law leads to the following mass-spring-
damper closed-loop system.

Λwb,dėw + kwew + kReR = 0. (12)

3) End-effector impedance control: Let us define the
task variable y ∈ Rn, which represents the end-effector
configuration in the task space with respect to {w}; see Fig.
2. The goal is to realize a mass-spring-damper impedance
behavior with the variable ỹ = y− yd, where yd represents
the desired trajectory of y.

To begin with, notice that there exists a Jacobian matrix
J that relates ξ to ẏ:

ẏ = Jξ, (13)

where J ∈ Rn×(n+6). Using (6), ¨̃y can be represented as

¨̃y = ÿ − ÿd = J Λ−1
ξ (u+ Fξ − Γξξ − ζξ)︸ ︷︷ ︸

=ξ̇

+J̇ξ − ÿd.

(14)

Pre-multiplying both sides of (14) by Λy = (JΛ−1
ξ JT )−1,

we obtain

Λy
¨̃y = Fy + (JΛ+)T (u− Γξξ − ζξ) +Λy(J̇ξ − ÿd)︸ ︷︷ ︸

=ū

,

(15)

where JΛ+ ≜ Λ−1
ξ JT (JΛ−1

ξ JT )−1 is a right inverse of J ;
i.e., JJΛ+ = In×n. Fy = (JΛ+)TFξ is a generalized force
in ˙̃y-coordinate.

The control goal is to realize the following impedance
behavior using the control input u3.

Λy
¨̃y +Dy

˙̃y +Kyỹ = Fy, (16)

where Ky,Dy > 0 represent the stiffness, and damping
gains, respectively. In other words, we need to design u3
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in such a way that ū = −(Dy
˙̃y +Kyỹ). This can be done

by solving

[
J̄1 J̄2 J̄3

]  fRbe3 −mge3
u2 − Γwb

wb − Γwb,ρρ
u3 + ΓT

wb,ρ
wb − Γρρ


= −(Λy(J̇ξ − ÿd) +Dy

˙̃y +Kyỹ), (17)

where (JΛ+)T = [J̄1 J̄2 J̄3] ∈ Rn×(n+6). Assuming that
J̄3 is invertible,1 the resulting u3 is

u3 = −J̄−1
3 (

[
J̄1 J̄2

] [ fRbe3 −mge3
u2 − Γwb

wb − Γwb,ρρ

]
+Λy(J̇ξ − ÿd) +Dy

˙̃y +Kyỹ) + Γρρ− ΓT
wb,ρ

wb. (18)

The control inputs u1, u2, and u3 can be transformed into
τ = [0 0 f τT

b τT
q ]T ∈ Rn+6 using τ = T Tu.

C. Controller analysis

This section presents theoretical justifications for the pro-
posed controller. After presenting the stability in free-flight,
stable collaboration will be followed based on passivity
analysis. Throughout this section, states x are omitted in
Lyapunov and storage functions for the sake of simplicity;
e.g., V (x) will be expressed as V . The following theorem
shows uniform asymptotic stability, which is relevant to the
free-flight (i.e. pre-grasping) phase.

Theorem 1 (Uniform asymptotic stability of free-flight):
Assume that Fe = 0 and ∥mr̈c,d +mge3∥ < B1. With the
control law (7), (9), and (18), an AM system has a uniformly
asymptotically stable equilibrium point r̃c = 0, ẽR = 0,
and ỹ = 0 with zero derivatives.

Proof: The candidate Lyapunov function is given by

V = V1 +
1

2
˙̃yTΛy

˙̃y +
1

2
ỹTKyỹ, (19)

V1 =
1

2
m∥ ˙̃rc∥2 +

1

2
r̃Tc Ktr̃c + c1r̃

T
c
˙̃rc

+
1

2
eTwΛwb,dew +

1

2
Krtr(I −RT

b,dRb) + c2e
T
Rew.

(20)

In fact, [31] already proved that there exist positive definite
functions W1,W2, and W3 such that W1 ≤ V1 ≤ W2 and
V̇1 ≤ −W3. In addition, since all eigenvalues of Λy and Ky

are positive, there exist positive definite functions W̄1, W̄2

such that W̄1 ≤ V ≤ W̄2. Therefore, using (16), the time
derivative of V satisfies V̇ ≤ −W3 − ˙̃yTDy

˙̃y, meaning that
V̇ is negative semi-definite. Hence, the uniform stability is
achieved and all states are bounded.

Note that V has a finite limit because V̇ ≤ 0 and V
is lower bounded. Moreover, as V̈ exists and is bounded,
V̇ is uniformly continuous in time. By applying Barbalat’s
lemma [32], V̇ → 0 ⇒ (r̃c, ˙̃rc, eR, ew, ˙̃y) → 0, resulting in
ỹ → ỹ∗ due to the convergence of V . To show that
ỹ∗ = 0 by contradiction, suppose that ỹ∗ ̸= 0. This leads to
¨̃y → ¨̃y∗ ̸= 0 (see (16)), which is contradiction to ˙̃y → 0.

1With the aid of symbolic calculation, we confirmed that J̄3 is almost
always invertible unless the manipulator is in a singular configuration.

M s
(passive environment)

AM 2

AM k

AM 1

AM 3

AM 1

object

AM 2 AM 3

AM 4 AM k

Fig. 3. Collaborative grasping using two AMs can be interpreted as a
feedback interconnection of passive systems.

As a result, r̃c = ẽR = ỹ = 0 with zero derivatives is a
uniformly asymptotically stable equilibrium point.

The following theorem states the passivity property of a
single AM, which will be applied to the multi-AM scenario.

Theorem 2 (Passivity under interaction): Assume that
∥mr̈c,d +mge3 − Frc∥ < B2, and let ẏd = 0. With the
proposed controller (7), (9), and (18), there exists a storage
function SAM ≥ 0 such that

ṠAM ≤ −λm(Dy)||ẏ||2 + ẏTFy, (21)

where λm(·) denotes the minimum eigenvalue of (·). (21)
means that the input-output (I/O) pair (Fy, ẏ) of an AM is
output strictly passive.

Proof: Lyapunov function V used in Theorem 1 will
be used as a storage function, i.e., SAM = V . With
the assumption ∥mr̈c,d +mge3 − Frc∥ < B2, the proce-
dure of Theorem 1 can be followed almost exactly the
same, and consequently, the time derivative of SAM is
ṠAM ≤ −W3 − ẏTDyẏ + ẏTFy . Here, although W3 is dif-
ferent from Theorem 1 due to the existence of Frc , it is still
a positive definite function. Hence (21) can be concluded.

To analyze collaborative grasping, consider an object
whose dynamics is governed by Fy = Mÿ.2 Then passivity
of an I/O pair (ẏ, Fy) is trivial by using Sobj =

1
2 ẏ

TMẏ
as a storage function, because

Ṡobj = F T
y ẏ. (22)

When an object is grasped by two AMs, a block diagram
can be represented by a feedback interconnection as shown
in Fig. 3. An interpretation is straightforward: input to the
object is the net velocity of AMs’ end-effectors, while the
output is the inertial force that acts as an external force to the
AMs. The following theorem states that two AMs converge
to a certain value.

Theorem 3 (Convergence under collaborative grasping):
Suppose that two AMs are grasping an object, which is
modeled as a single mass, using the control law (7), (9),
and (18). Then the AMs converge to a certain configuration.

Proof: Since the convergence of ṙc- and wb-
dynamics can be achieved regardless of interaction, it
is sufficient to consider y-dynamics in the analysis. Let

2For simplicity, we omitted the gravity force which does not influence the
passivity analysis. The gravity force is compensated by the friction caused
by the internal force produced by impedance controllers of AMs.
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M s
(passive environment)
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AM k

AM 1

AM 3

AM 1

object

AM 2 AM 3

AM 4 AM k

(a)

M s
(passive environment)

AM 2

AM k

AM 1

AM 3

AM 1

object

AM 2 AM 3

AM 4 AM k

(b)

M s
(passive environment)

AM 2

AM k

AM 1

AM 3

AM 1

object

AM 2 AM 3

AM 4 AM k

(c)

Fig. 4. (a) The new I/O pair (ẏnew,Fy) of the entire system is passive. (b) The new I/O can be interconnected with ‘AM 3’ by feedback, which preserves
passivity. (c) Collaborative grasping with multiple AMs can be achieved by repeating the feedback interconnection.

Stot = SAM1 + SAM2 + Sobj be the storage function. The
time derivative yields, using (21) and (22),

Ṡtot ≤− λm(Dy)(||ẏ1||2 + ||ẏ2||2)
+ (−ẏ1 − ẏ2)︸ ︷︷ ︸

ẏ in Fig. 3

T
Fy + ẏ1

TFy + ẏ2
TFy

= −λm(Dy)|| ˙̄y||2, (23)

where ȳ = [yT
1 , y

T
2 ]

T . Integrating back,

−
∫

λm(Dy)|| ˙̄y||2 ≥ Stot(t)− Stot(0) ≥ −Stot(0). (24)

It follows that
∫
|| ˙̄y||2 ≤ c2, for some constant c. This upper

bound implies that ˙̄y converges to 0, which again implies
that ȳ converges to a certain value.3

D. Controller discussion

1) Extension to many AMs: Collaborative grasping using
two AMs is analyzed in Theorem 3. In fact, this can be
extended to an arbitrary number of AMs. Using Stot as a
storage function, it can be easily show that the new I/O pair
(ẏnew,Fy) in Fig. 4(a) is passive. Then, this I/O port can be
again interconnected with ‘AM 3’ by feedback that preserves
passivity (see Fig. 4(b)). By repeating this process k times,
Theorem 3 can be extended to many AMs (see Fig. 4(c)).
Note that, with this process, the states of other AMs do not
appear in the control law (7), (9), and (18), resulting in a
decentralized control scheme.

An interesting consequence of Theorem 3 is that, while
hovering, the AMs converge to a certain configuration at
which they can balance each other (recall Fig. 1). This is
practically appealing, because, it easily becomes impractical
to compute the desired orientation and the thrust force as
the number of AMs increases. Simulations in Section IV
will demonstrate this property.

2) Force/Torque sensor measurement: One drawback of
the proposed control would be the necessity of a force/torque
sensor at the end-effector because force compensation terms
appear in (7) and (9). We claim that the force compensation
can be neglected in practice.

To theoretically support this claim, we remark that the
Lyapunov function V1 used in Theorem 1 can be used as
an input-to-state stability (ISS)-Lyapunov function. The ISS

3To be precise, uniform continuity of ˙̄y is required, which is guaranteed
by boundedness of ¨̄y.

property indicates that the system is robust against input (Fe

for our case), in the sense that the states will be bounded
for bounded input. Moreover, physically speaking, since (7)
and (9) define a mass-spring-damper behavior, the control
can balance external forces without explicit compensation.

3) Force closure: Despite the fact the force closure con-
dition is crucial to guarantee stable grasping [33], some
studies proposed an alternative way to accomplish grasping
without considering the force closure explicitly. This is done
by applying some forces around the object using impedance
controllers [34], [35], expecting that the forces automatically
form a force closure. This paper also employs this strategy.

4) CoM trajectory: Employing the coordinate transfor-
mation ξ = TV , the control is designed using the CoM
dynamics (recall (6)). This implies that the desired trajectory
should be designed for the CoM, not the base frame. One
way to resolve this issue is to compute the CoM trajectory
from the AM’s desired trajectory. Another way is to design
the system to have a lightweight arm so that the CoM is very
closely located at the geometric center of the floating base.

IV. SIMULATION VALIDATION

To validate the proposed controller, the collaborative
grasping is simulated in PyBullet environments with 0.001s
time step. A 3 DOF non-redundant planar manipulator is
attached to the quadrotor, as shown in Fig. 1. The task
variable is defined by y = [yx, yz, yθ]

T ∈ R3, where yx,
yz represent the position, and yθ represents the orientation
of the end-effector with respect to {w}.

The AMs are initially positioned symmetrically away from
the object whose mass is 1kg. The simulation scenario is set
as follows.

• t = 0s− 5s: approaching to an object (free-flight)
• t = 5s− 10s: grasping an object
• t = 10s− 20s: lifting an object and hovering

Although multiple AMs are used in the simulation, we
provide plots for only one AM, because the resulting plots
are almost the same for all AMs.

A. Collaborative grasping using two AMs with force com-
pensation

In the first simulation, two AMs are used to grasp the
object using the controller (7), (9), and (18); see Fig. 1. The
simulation results are shown in Fig. 5(a). During the free-
flight (0s ≤ t ≤ 5s), the CoM position error, the floating base
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(a)

(b)

Fig. 5. Simulation results for one AM. The green, yellow, and gray
areas correspond to approaching, grasping, and hovering, respectively.
(a) Collaborative grasping using two AMs with force compensation. (b)
Collaborative grasping using two AMs without force compensation.

orientation error, and the task error converge to zero as shown
in the first, second, and fourth rows of Fig. 5(a). Therefore,
asymptotic stability stated in Theorem 1 is verified.

During collaborative grasping (5s ≤ t ≤ 10s), the external
force fe measured by the F/T sensor is shown in the fifth
row of Fig. 5(a). −fe,x and −fe,z imply the normal contact
force and the tangential contact force, respectively. Since
yx,d is defined inside the object, the normal contact force
is generated. The tangential contact force is zero because
the object is located on the table.

After grasping, two aerial manipulators lift the object and
hover at t ≥ 10s. While hovering, slipping between the end-

Fig. 6. A snapshot of collaborative grasping using 10 AMs.

effector and the object does not occur because the impedance
control generates the sufficiently large grasping force that
causes appropriate friction force. Note that fe,z in the fifth
row of Fig. 5(a) is −4.9N which is half of the gravitational
force on the object. Another important observation is that the
two quadrotors are tilted in the direction of the grasping force
as shown in Fig. 1; see also the red dashed line in the third
row of Fig. 5(a). At this point, the CoM and the orientation
error are zero because of the force compensation (recall, from
(7) and (8), that the desired orientation is defined using the
desired thrust force that contains the external force). On the
other hand, since the y-dynamics is a mass-spring-damper
system with external force (see (16)), a constant error occurs
for ỹx. The foregoing observation verifies Theorem 3.

B. Collaborative grasping using two AMs without force
compensation

In the second simulation, the external force compensation
is not applied in the control law (7) and (9). The simulation
results are shown in Fig. 5(b). The free-flight phase is the
same as the first simulation. When hovering (t ≥ 10s), the
CoM error and the floating base orientation error converge
to a certain point, which is not zero as shown in the first two
rows of Fig. 5(b). Nevertheless, it should be pointed out that
the AMs are successfully grasping the object. This verifies
the discussion in Section III-D.2.

C. Collaborative grasping using 10 AMs
To validate the scalability of the proposed control scheme

(recall Section III-D.1), a collaborative grasping is performed
using 10 AMs, as shown in Fig. 6. In this simulation, the
object mass is 5kg. Although the resulting plot is omitted
because it is very similar to the previous ones, the video
attachment demonstrates this scenario.

V. CONCLUSION

This paper presents a passive impedance control scheme
to accomplish collaborative grasping using under-actuated
aerial manipulators (AMs). The proposed control scheme is
decentralized in the sense that each AM can be controlled
entirely using only its own states. Modularity, which is
gained by passivity (Theorem 2), enables an arbitrary num-
ber of AMs to collaborate stably. During the collaborative
grasping, each system automatically converges to a certain
configuration at which AMs can balance the interaction
forces (Theorem 3). Apart from grasping, uniform asymp-
totic stability is guaranteed for the free-flight phase (Theorem
1). Simulation confirms that the collaborative grasping can
be accomplished using multiple AMs.
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R. Siegwart, and J. Nieto, “Active interaction force control for contact-
based inspection with a fully actuated aerial vehicle,” IEEE Transac-
tions on Robotics, vol. 37, no. 3, pp. 709–722, 2020.

[4] M. Bernard, K. Kondak, I. Maza, and A. Ollero, “Autonomous
transportation and deployment with aerial robots for search and rescue
missions,” Journal of Field Robotics, vol. 28, no. 6, pp. 914–931, 2011.

[5] M. Bernard, K. Kondak, and G. Hommel, “Load transportation sys-
tem based on autonomous small size helicopters,” The aeronautical
journal, vol. 114, no. 1153, pp. 191–198, 2010.

[6] C. M. Korpela, T. W. Danko, and P. Y. Oh, “Mm-uav: Mobile ma-
nipulating unmanned aerial vehicle,” Journal of Intelligent & Robotic
Systems, vol. 65, no. 1, pp. 93–101, 2012.

[7] M. Orsag, C. Korpela, and P. Oh, “Modeling and control of mm-uav:
Mobile manipulating unmanned aerial vehicle,” Journal of Intelligent
& Robotic Systems, vol. 69, no. 1, pp. 227–240, 2013.

[8] M. Fumagalli, S. Stramigioli, and R. Carloni, “Mechatronic design
of a robotic manipulator for unmanned aerial vehicles,” in IEEE/RSJ
International Conference on Intelligent Robots and Systems (IROS),
2016, pp. 4843–4848.

[9] Y. S. Sarkisov, M. J. Kim, D. Bicego, D. Tsetserukou, C. Ott,
A. Franchi, and K. Kondak, “Development of sam: cable-suspended
aerial manipulator,” in IEEE International Conference on Robotics and
Automation (ICRA), 2019, pp. 5323–5329.

[10] P. E. Pounds, D. R. Bersak, and A. M. Dollar, “The yale aerial
manipulator: grasping in flight,” in IEEE International Conference on
Robotics and Automation (ICRA), 2011, pp. 2974–2975.

[11] A. Suarez, G. Heredia, and A. Ollero, “Design of an anthropomorphic,
compliant, and lightweight dual arm for aerial manipulation,” IEEE
Access, vol. 6, pp. 29 173–29 189, 2018.

[12] C. D. Bellicoso, L. R. Buonocore, V. Lippiello, and B. Siciliano,
“Design, modeling and control of a 5-dof light-weight robot arm
for aerial manipulation,” in 2015 23rd Mediterranean Conference on
Control and Automation (MED). IEEE, 2015, pp. 853–858.

[13] F. Forte, R. Naldi, A. Macchelli, and L. Marconi, “Impedance control
of an aerial manipulator,” in 2012 American Control Conference
(ACC). IEEE, 2012, pp. 3839–3844.

[14] M. Fumagalli, R. Naldi, A. Macchelli, R. Carloni, S. Stramigioli, and
L. Marconi, “Modeling and control of a flying robot for contact in-
spection,” in IEEE/RSJ International Conference on Intelligent Robots
and Systems (IROS), 2012, pp. 3532–3537.

[15] V. Lippiello and F. Ruggiero, “Exploiting redundancy in cartesian
impedance control of uavs equipped with a robotic arm,” in IEEE/RSJ
International Conference on Intelligent Robots and Systems (IROS),
2012, pp. 3768–3773.
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