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Modeling Cable-Suspended Multidrone
Manipulation Using Grasping Theory

Giovanni Cortigiani , Yaolei Shen , Maria Pozzi , Member, IEEE, Chiara Gabellieri , Member, IEEE,
Monica Malvezzi , Antonio Franchi , Fellow, IEEE, and Domenico Prattichizzo , Fellow, IEEE

Abstract—The mechanical principles regulating grasp-
ing and manipulation with multifingered robotic hands have
been widely studied in the literature, leading to a well-
established theoretical framework. In this article, we show
that, under certain hypotheses, these findings can be ap-
plied to the case of cable-suspended aerial multidrone ma-
nipulation, where the contacts between the robots and the
object are mediated by cables. The devised unified and ver-
satile mathematical framework is validated through numer-
ical simulations and real-world experiments in static and
free flight conditions, showing that it can be exploited for
accurately describing the properties of different configura-
tions of drones and cables. The new insights illustrated in
this work allow to transfer the current results devised in the
field of robotic grasping—and potentially the future ones—
to the field of cable-suspended multidrone manipulation.

Index Terms—Grasping and manipulation, unmanned au-
tonomous systems.

I. INTRODUCTION

THE problem of grasping and manipulating objects with
robots has been investigated from the early stages of

robotics research [1], and the mathematical model of robotic
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Fig. 1. Grasp modeling applied to two different systems. The robotic
fingers (left) directly apply forces on the object at the contact points [2],
whereas the drones (right) hold the object, thanks to cables [7]. {N},
{B}, and {C}i indicate the frames of the world, the object, and the ith
contact point, respectively.

grasping [2], [3] has setup the bases for grasp analysis and grasp
synthesis with multifingered hands. The framework summarized
in [2] is general enough to be extended to account for new ele-
ments, including passive compliance and underactuation in the
hand structure [4], exploitation of environmental constraints [5],
and teams of cooperative robots [6].

In this article, we show that the well-known grasp model for
multifingered hands detailed in [2] can also be extended to derive
the structural properties and the force transmission model of
cable-suspended multidrone manipulation systems consisting
of small aerial vehicles steering together a cable-suspended
platform.

The two manipulation systems considered in this work are
sketched in Fig. 1. While the robotic hand directly applies forces
on the object through unilateral contact constraints between its
fingers and the object, in the cable-suspended manipulation sys-
tem the contact between the drones and the object is guaranteed
by cables. This fact translates into different constraints that must
be satisfied in order for the grasp to hold. With finger contacts the
grasp is maintained by pushing the object, whereas with cables
the grasp is maintained by pulling it. To avoid slippage at the
contacts, the forces applied by the fingers of a robotic hand must
lie inside the “Friction Cone,” under the hypotheses of coulomb
friction constraints [2]. For the cable suspended manipulation
system, instead, the force exerted by each drone has to lie in a
space delimited by the prolongation of the cables. This is crucial
to avoid the slackening of cables.

While the analogy between grasping with multifingered
hands, parallel manipulators, and cable-driven robots has al-
ready been tackled in the literature [8], [9], to the best of the
authors’ knowledge, this is the first time in which a precise
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and formalized connection between grasp modeling in multi-
fingered hands and cable-suspended multidrone manipulation is
presented. Building on this analogy, we develop a novel grasp
model for cable-suspended manipulation that describes how
forces generated by multiple drones are transmitted to a payload
through cables. Differently from what is typically done in the
aerial cooperative manipulation of cable-suspended objects [10],
[11], this work takes a step further by modeling the contact
points at the drone attachment points instead of at the object.
This enables to directly define the forces transmitted from each
drone to the object, as well as the drone’s actuation limits and
the cables tautness constraints, accounting for a generic number
of cables per drone, exploiting the analogy with the friction
cone. In addition, we also derive the structural properties of
the system, and the resulting grasp wrench space under cable
constraints.

The validity of the proposed model is demonstrated through
numerical analyses and real-world experiments involving differ-
ent configurations of drones and cables, both in static conditions
and during free-flight manipulation.

The key advancement of this article lies in the fact that the
proposed approach provides a general formalism that allows
applying the results from the theory of multifingered grasping to
the emerging field of cable-suspended manipulation by drones.
Within this framework, established tools from grasping, such as
grasp quality metrics, force optimization algorithms, and grasp
synthesis methods, can be directly applied to multidrone sys-
tems. As an example, the Supplementary Material of this article
illustrates the application of the proposed model to optimize the
drones’ individual thrust across different system configurations,
while minimizing the total thrust usage and/or the likelihood
of slackening the cables (see Section S.1 of the Supplementary
Material).

II. RELATED WORKS

The kineto-static analysis of a multifingered hand grasping
an object is akin to that of other closed-chain systems [12],
including collaborative manipulators [13], parallel manipula-
tors [9], [14], and cable-driven parallel robots (CDPRs) [8].
Borras and Dollar [9], [15] showed the equivalence between
the kineto-static equations of parallel manipulators and those of
multifingered robotic hands, applying it to study the workspace
of an underactuated gripper. Similarly, Özgür et al. [14] an-
alyzed the dexterity of grasping mechanisms using the theo-
retical framework of parallel manipulation. Ebert-Uphoff and
Voglewede [8] analyzed for the first time the modeling similar-
ities between grasping and CDPRs in the planar case. However,
the concept of friction cone is applied to CDPRs only for the
planar derivation of force closure conditions, and not to define
mathematical constraints on the transmitted contact forces, as
each cable is actuated by its own motor. In subsequent studies,
the antipodal grasp theorem and force closure conditions were
derived for planar CDPRs [16], and methods to compute the
wrench feasible workspace and exploit it in planning tasks with
3-D CDPRs were proposed [17], [18].

The use of cables instead of rigid links in manipulation sys-
tems gives many advantages, including a much larger workspace

and intrinsic compliance [19]. Thus, in recent years, tethered
connections have been widely adopted in the field of coop-
erative aerial manipulation [20], [21], [22]. Compared to the
adoption of ad hoc manipulators attached to the drones, cables
are lightweight and provide decoupling between the attitude of
the robots and the dynamics of the system [10]. The problem
of controlling the drones to maintain the equilibrium of the
cable-suspended payload has been widely studied [23], [24],
[25], also considering the robustness to external disturbances [7].

The structural similarities between multidrone cable sus-
pended manipulation and CDPRs were exploited for planning
the motion of multidrone systems in [11] and [26]. However,
while both CDPRs and multidrone cable-suspended systems
transmit forces through cables, their mechanics differ signifi-
cantly: in multidrone manipulation, more cables can be attached
to the same drone (coupled tensions) and the object is moved
by repositioning the drones rather than by directly controlling
cable lengths as in CDPRs [18]. Thus, grasping theory provides
a more direct and natural framework for describing the forces
and motions transmitted through the cables from the drones to
the object, just like they are transmitted through the contacts
from the fingers to the object. Manubens et al. [11] proposed a
quasi-static motion planning approach for a simulated system
of three drones and six fixed-length cables called the “Fly-
Crane,”using the cables tensions constraints derived for CDPRs.
However, the derived cable tension constraints consider each
cable separately, and the kinematics and the thrust constraints
are derived for the specific configuration of cables and drones
taken into account in this article. Moreover, the analysis does not
consider the dynamics of the system. Masone et al. [26] proposed
to use the conventional model of reconfigurable cable-driven
parallel robots (RCDPRs) to derive an explicit mathematical
relation between the motion of the quadrotors and the motion
of the payload, so that the internal motions of the system can
be exploited to perform secondary tasks. The dynamics of the
system is considered, but still the analogy with RCDPRs only
allows for considering one cable per drone. In addition, both [11]
and [26] did not apply their approach in real-world experiments,
but only in simulation.

As underlined in this literature review, several works have
exploited the kineto-static similarities among different robotic
systems to apply results across different domains: from parallel
robots to grasp analysis [9], from grasp analysis to CDPRs [8],
and from CDPRs to cable-suspended multidrone manipula-
tion [11]. However, what was still missing was a precise and
formalized connection between grasp modeling in multifingered
hands and cable-suspended multidrone manipulation. To fill
this gap, this work proposes a novel formulation that explicitly
establishes this analogy.

III. METHODOLOGY

In this section, first the main equations and properties of the
grasp model for cable-suspended manipulation are presented
(see Sections III-A and B), and, based on those, the constraints
to be satisfied to keep the cables taut are formulated (see
Section III-C). The adopted notation is based on [2] and is
outlined in Table I.
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TABLE I
NOTATIONS FOR THE TWO MODELS

A. Grasp Model for Cable-Suspended Multidrone
Manipulation

Referring to the left side of Fig. 1, the frame {N} represents
the world reference frame, while the frame {B} indicates the
reference frame fixed to the object, having the origin in the
center of mass of the object. The vector p ∈ R3 represents the
position of {B} with respect to (w.r.t) {N}. Let the frame {C}i
= {n̂i, t̂i, ôi} define the reference frame of the ith contact point.
The unit vector n̂i is oriented toward the object, normal to the
contact tangent plane. The other two unit vectors are orthogonal
to n̂i and lie in the tangent plane of the contact. The position of
contact point i in {N} is represented by the vector ci ∈ R3.

Let λ represent the vector consisting of contact force and
moment components transmitted through the contacts and ex-
pressed in the contact frames. In particular, λ = [λT

1 · · · λT
nd
]T ∈

Rnλ , where each λi is expressed in the contact frame {C}i,
nd is the number of contact points, and nλ is the total number
of force and moment components transmitted at the contacts.
Defining g ∈ R6 as the external wrench applied to the object
by noncontact forces [2], expressed in the reference frame {N},
the object equilibrium equations can be written as

g = −Gλ (1)

where G ∈ R6×nλ is the Grasp Matrix. The Grasp Matrix is
obtained as G = G̃HT, where G̃ ∈ R6×6nd is the Complete
Grasp Matrix, computed as G̃ = [G̃1 · · · G̃nd

], with

G̃i =

[
RN

Ci
0

S(ci − p)RN
Ci

RN
Ci

]
(2)

where RN
Ci

is the orientation of the ith contact frame {C}i
w.r.t {N}, and S(·) is the cross product matrix. H ∈ Rnλ×6nd

is the Selection Matrix, which selects which force and moment
components are transmitted to the object through the contacts
according to the considered contact model. According to [2],
contact models mostly adopted in grasping analysis can be
classified into three main types: Point Contact without Friction,
where only the normal component of the force is transmitted;
Hard Finger, where the three components of the force are
transmitted; Soft Finger, where also the normal component of
the moment is selected. More details on the computation of the
Grasp Matrix can be found in [2].

From the kinematics point of view, GT maps the twist of the
object (ν) to the transmitted contact twists (νcc)

νcc = GTν. (3)

In the case of cable-suspended manipulation, referring to the
right part of Fig. 1, we define as Drone Attachment Point ci
the point on the drone i to which the cables are attached. In
this model, we assume the cables to be nonextendable. At ci,
we define a frame {C}i, with axes {n̂i, t̂i, ôi}. We define as
Object Anchor Points the points where the cables are anchored
to the object. Namely, aij is the point in which the cable j of
drone i is anchored to the object. The vector λ represents the
forces transmitted by the drones to the object through the cables,
whereas again with g ∈ R6 we indicate the noncontact object
wrench expressed in the reference frame {N}.

A. Force transmission: In the cable-suspended grasp model,
the Selection Matrix H selects the force and moment com-
ponents applied by the drones that are transmitted to the ob-
ject through the cables. Let nci indicate the number of ca-
bles attached to the drone i, and nλi

indicate the number of
force components transmitted by drone i. The Selection Matrix
Hi ∈ Rnλi

×6 for each drone i is defined as

Hi =
[
HiF 0nλi

×3
]

(4)

where HiF ∈ Rnλi
×3 is the translational component of the

Selection Matrix. Notice that the rotational component of the
Selection Matrix is always null, since there is no possibility of
transmitting any moment. The overall Selection Matrix H is
given by: H = Blockdiag(H1, . . . ,Hnd

) ∈ Rnλ×6nd .
As long as nci ≤ 3, the number of cables attached to each

drone directly reflects the number of force components that the
drone is able to apply to the object, i.e., nλi

= nci . If this is valid
for each drone i, thennλ = nc, wherenc =

∑nd

i=1 nci is the total
number of cables in the system. For nci = 1, we choose the
reference frame of the drone attachment point with the normal
component n̂i aligned with the cable. For nci = 2, we assume
that the contact reference frame with the n̂i and t̂i components
lying on the plane described by the two cables, and the other
component ôi orthogonal to them as shown in Fig. 1. For nci =
3, the three cables should not be collinear, and the reference
frame can be chosen arbitrarily. Then, the matrices HiF for
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Fig. 2. Representative Examples. The red hexagon is the object to be manipulated, the blue dots are the drone attachment points, while the black
lines are the cables. The reference frames of object and drone attachment points are depicted with RGB triplets. (a) 2 drones and 4 cables; (b) 3
drones and 6 cables; (c) 3 drones and 9 cables.

nci = 1, nci = 2, and nci = 3, are, respectively

HiF =
[
1 0 0

]
, HiF =

[
1 0 0
0 1 0

]
, HiF = I3×3. (5)

According to the new definitions related to the case of cable-
suspended manipulation, (1) can now be used to express how the
forces that the drones apply through the cables are transmitted to
the object, and (3) can be used to describe the kinematic relation
between the twist of the object and the twists transmitted at the
drones attachment points.

B. Structural Properties of Cable-Suspended Grasps

When manipulating an object, the main structural properties
to take into account are 1) the set of object wrenches that the
drones are not able to resist, and 2) the conditions under which
any object wrench can be resisted. In the case of multifingered
hands, these properties can be analyzed by considering the
null spaces N (·) of G and GT, as shown in [2]. The same
reasoning outlined in [2] can be applied to the case of cable
suspended manipulation, deriving the following properties of the
system.

Graspability: Analysing (1), it can be derived that if
N (G) �= {0} (i.e., N (G) is nontrivial), ∃λ �= 0 |Gλ = 0. In
other words, the transmitted wrenches λ ∈ N (G) do not apply
any wrench on the object. If N (G) is nontrivial, then the system
is said to be graspable. For multifingered hands, vectors in
N (G) are called internal forces and they play a key role in
holding an object, as they affect the tightness of the grasp [27].
By spanningN (G), it is possible to optimally choose the contact
forces according to specific objectives [4]. A similar approach
can be adopted in cable-suspended multidrone systems to find
optimal drone forces that satisfy tautness constraints and allow
to resist/generate a given object wrench.

Indetermination: Let us consider (3). If N (GT) �= {0} it
means that ∃ν �= 0 |GTν = 0. In other words, the object twists
ν ∈ N (GT) represent the motions of the object that do not affect
the motion of the drone attachment points, and thus they cannot
be controlled by drone motions. In this case, the system is said to
be indeterminate. Analogously, vectors in N (GT) describe the
object wrenches, which cannot be resisted by the forces applied
by the drones. As a consequence, a desirable property for a grasp,

irrespective of whether it is performed by a multifingered hand
or by a multidrone system, is to have N (GT) = {0}.

Depending on the task to be accomplished, one may hence
choose the number of drones and the number of cables for
each drone to be used in a configuration directly analyzing
which wrenches can (and cannot) be resisted. Indeed, the total
number of cables in the system affects the dimensions of the
null spaces. In particular, a rigid object has six degrees of
freedom. If the system has a number of cables lower than 6,
then the system is indeterminate because N (GT) is nontrivial
and spans nonzero wrenches that cannot be resisted. On the
other hand, a necessary condition for the system to be graspable
(i.e., nontrivial N (G)) is that the number of cables is greater
than 6.

Representative examples: In Fig. 2, three different repre-
sentative configurations where multiple drones are manipulating
a hexagonal platform are shown. Let us consider the case shown
in Fig. 2(a), where two drones are linked to the platform through
two cables each, with nc = 4. In this case, by computing the
vector bases of N (G) and N (GT), we obtain

N(G) = 04×1, N(GT) =

⎡
⎢⎢⎢⎢⎢⎢⎣

0.87 0
0 −0.87
0 0
0 −0.5

0.5 0
0 0

⎤
⎥⎥⎥⎥⎥⎥⎦
. (6)

The rank ofN(GT) is equal to 2 and corresponds to the dimen-
sion ofN (GT), which defines the space of uncontrollable object
wrenches. Let us now consider the configuration in Fig. 2(b).
Here, nc = 6, and both null spaces become trivial

N(G) = 06×1, N(GT) = 06×1. (7)

By adding a cable to each of the three drones, ensuring
that the attachment points on the objects are noncollinear [see
Fig. 2(c)], the total number of cables increases to nc = 9. The
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corresponding bases of N (G) and N (GT) are

N(G) =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0.36 −0.18 0.07
−0.07 −0.33 −0.47
−0.63 0.30 −0.12
0.26 0.31 0.05
0.19 −0.23 0.49
−0.45 −0.54 −0.09
0.20 0.03 −0.36
−0.12 0.56 −0.02
−0.34 −0.05 0.62

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

, N(GT) = 06×1. (8)

As previously pointed out, in this case, the system is graspable
and thus the null space of G can be spanned to find an optimal
set of contact forces. At the same time, however, the positions
of the drones relative to the object must remain fixed to prevent
the cables from slackening.

So far, we have presented the structural properties of cable-
suspended systems, which are valid under the assumption of taut
cables. The constraints that the forces applied by the drones must
meet to maintain the cables tautness and transmit the forces to
the object are discussed in the next section.

C. Cables Constraints and Grasp Wrench Space

In grasping with multifingered hands, contact forces are
subject to limits and constraints due to hand properties and
friction properties. For instance, in the case of a Hard Finger
contact model, such constraints can be modeled by the so-called
Coulomb friction cone, whose axis is normal to the surfaces at
the contact point and whose amplitude angle is the friction angle
defined by Coulomb’s law. It is worth noting that the constraints
are not linear, and several algorithms have been developed to
account for this [2], [27].

Similarly, when dealing with cable-suspended manipulation,
we can define the Cables Cone as the portion of space contained
among the extensions of the cables. It describes the subspace in
which the transmitted forces must lie in order to keep the cables
taut. Differently from the grasp model for multifingered hands,
the constraints on the forces λi at each drone attachment point
ci described by the cables cone are linear. The dimension of the
space defined by the cone changes according to the number of
cables (see Fig. 3). In general, the cable constraints for drone i
can be written as

Miλi ≥ 0 (9)

where Mi = [m̂i,1, . . . , m̂i,nci
]T ∈ Rnci

×nci , and the inequal-
ity is meant elementwise. The definition of the entries of Mi

depends on the number of cables attached drone i.
If nci = 3, let C b̂i,j ∈ R3 define the 3-D unit vector describ-

ing the jth edge of the region, corresponding to the extension of
the cable anchored at drone i and attachment pointaij , expressed
in the contact frame {C}i. Then, m̂i,j ∈ R3 indicates the vec-
tor normal to the plane generated by C b̂i,j and C b̂i,j+1, i.e.,
m̂i,j =

C b̂i,j ×C b̂i,j+1 (if j = nci , then j + 1 = 1). When
the cables are 3, the drone forces must lie inside a pyramidal
sector whose edges are defined by the extensions of the cables.
In this case, all the components of the forces applied by the

Fig. 3. Force constraints of the two different systems. On the left, the
Coulomb Friction Cone used in the contact model with multifingered
hands. On the right, the Cables Cones generated by different numbers of
cables connecting the object to the drone, specifically nci = 1, nci = 2,
and nci = 3, respectively.

drones are transmitted to the object. However, to maintain all
the three cables taut, the drone attachment point position must
not change. If nci = 2, let C̄ b̂i,j ∈ R2 define the 2-D unit vector
describing the jth edge of the region, expressed in the frame
¯{C}i = {n̂i, t̂i}. Then, m̂i,j ∈ R2 corresponds to the vector

normal to C̄ b̂i,j lying in the plane of the cables unit vectors, and
the cables cone becomes a circular sector, as shown in Fig. 3. If
nci = 1, then Mi = 1, and the only constraint is for the force
to be positive.

By definingM = Blockdiag(M1, . . . ,Mnd
), the cables con-

straints can be written in a compact form as

Mλ ≥ 0. (10)

Let us indicate with λ′
i,max the maximum thrust achievable

by drone i, the following inequality must hold ∀i = 1, . . . , nd:
‖λ′

i‖ ≤ λ′
i,max, where λ′

i is the thrust applied by drone i defined
as:

λ′
i =

Nλi −miag (11)

where Nλi is the transmitted drone force expressed in the world
reference frame {N}, mi is the mass of drone i, and ag is the
gravitational acceleration. Let N b̂ij be the unit vector of the jth
cable connected to the drone i expressed in {N}. Hence, the
force applicable by drone i, expressed in {N}, can be computed
as the weighted sum of the unit vectors of the cables attached to
drone i

Nλi =

nci∑
j=1

σi,j
N b̂ij , ‖λ′

i‖ ≤ λ′
i,max. (12)

By indicating with wij the wrench that drone i can apply to
the object through cable j, given by

wij =

[
N b̂ij

(ci − p)× N b̂ij

]
(13)

the Grasp Wrench SpaceW , describing all the possible wrenches
w that the drones can apply to the object, can be defined as the
Minkowski sum of the sets of wrencheswi that can be generated
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Fig. 4. Grasp Wrench Space and cables cones for three different configurations, considering only the forces. The cyan regions represent the
cables cones and the yellow polyhedrons represent all the possible forces that can be applied to the object when the drone forces comply with the
cables constraints. (a) 2 drones and 4 cables; (b) 3 drones and 6 cables; (c) 3 drones and 9 cables.

by each drone i, that is

W = {w |w =

nd∑
i=1

nci∑
j=1

σi,jwij , ‖λ′
i‖ ≤ λ′

i,max}. (14)

Fig. 4 graphically shows the cables cones and the force
components of the Grasp Wrench Space of the configurations
taken into account in the representative examples of Section
III-B. These plots give a geometric intuition of how the wrench
space grows as the number of drones and cables increases.

Remark: Whenever the position of the drone changes w.r.t.
the object, the Grasp Matrix must be updated accordingly. This
situation is analogous to a case in which a contact point is
changed by moving the finger of a multifingered hand while
maintaining the grasp. However, while repositioning a finger
without loosing the object is, in general, a challenging task, in
tethered aerial manipulation, cables allow the drones to keep a
secure connection while changing positions without the risk of
losing contact. This feature can be exploited to easily reconfigure
the system, as also shown in the examples included in the
Supplementary Material.

IV. EXPERIMENTAL VALIDATION

A. Objectives

The main objective of the conducted experiments was to
validate the model described in this article. Two different experi-
mental scenarios have been considered. In scenario A, the object
is fixed w.r.t the world frame {N}. In this way, all wrenches
measured at the object are generated by the drones, allowing
to validate the model limiting dynamic effects and external
disturbances. In scenario B, the object is manipulated in its
configuration space SE(3) to demonstrate the validity of the
model also in free flight motion involving dynamics. For each
Scenario, two different configurations of aerial vehicles have
been considered: in Experiments A.1 and B.1, we used two
drones with two cables for each drone; in Experiments A.2 and
B.2, we used three drones with one cable per drone. As shown
in Section III, the total number of cables determines the dimen-
sion of N (GT). Therefore, for both the chosen configurations
N (GT) are nontrivial: rank(N(GT)) = 2 in Experiments A.1
and B.1, rank(N(GT)) = 3 in Experiments A.2 and B.2.

Fig. 5. Scenario A: experimental setup. The object is fixed to a F/T
sensor. Top (A.1): two drones, two cables per drone. Bottom (A.2): three
drones, one cable per drone. The supporting cables above the drones
were used only to hang the drones while they were not flying.

To show the validity of the proposed model, we aimed at
verifying that, for all configurations, as long as the cables
constraints are satisfied, the following properties hold: 1) the
wrenches applied to the object by exerting different drone forces
correspond to the ones computed with the model in simulation,
2) the object wrenches belonging to the N (GT) are never
generated by the dones, and 3) all generated object wrenches
belong to the Grasp Wrench Space W .

B. Experimental Setup

The experimental setups for the two scenarios are shown in
Figs. 5 and 6. In scenario A, each drone is designed and devel-
oped based on a 4-in FPV drone frame mounted by Crazyflie
2.0 flight controller, and has a mass of 0.233 kg. In scenario B,
Crazyflie nano quadrotors were used, having a mass of 0.029 kg.
In both scenarios, the Crazyswarm software framework is used
for data communication, multidrone control, and state estima-
tion [28]. An offboard computer is used to send the reference
thrust and attitude to the drones via radio based on the feedback
signals, including the drone poses from a motion tracking system
(Optitrack, NaturalPoint, Inc.) and the drone attitudes from the
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Fig. 6. Scenario B: experimental setup. The drones manipulate the
object in free flight. Left (B.1): two drones, two cables per drone. Right
(B.2): three drones, one cable per drone.

Fig. 7. Scenario A: drones control scheme. The height and attitudinal
references for each drone are computed via inverse kinematics with
desired Grasp Matrix G∗, wrench λ∗, and drones’ yaw angles. Each
drone has its own low-level attitude controller, height controller, and yaw
controller.

onboard micro control units. Once the drones receive the ref-
erence thrust and attitude, the built-in flight attitude controllers
generate suitable propeller speeds to track the reference.

In scenario A, to measure the wrench applied by the drones to
the object, an ATI mini force/torque (F/T) sensor (ATI Industrial
Automation, Inc., USA) is used, and the measurements from the
F/T sensor are sent to the offboard computer. In scenario B,
a direct measurement of the wrench acting on the object is not
available, hence the wrench applied on the object by dronesw =
[fT, (RN

B
Bτ)T]T is obtained using the tracking measurements

and the object dynamic equations{
mobjp̈− [0, 0,mobjg0]

T = f
BIBω̇ + Bω × (BIBω) = Bτ

(15)

where Bω = (RN
B

T
ṘN

B)∨ is the angular velocity of the object
in {B}, mobj = 0.005 kg is the object’s mass, and BI is the
rotational inertia w.r.t {B}. The object’s linear acceleration p̈,
angular velocity Bω and angular acceleration Bω̇ were obtain
via Savitzky–Golay filter.

C. Control of the Drones

In scenario A, the drones were controlled to maintain a fixed
position in the space and to apply forces spanning the cables
cone in that configuration. In scenario B, dynamic trajectories
were assigned to each drone.

In Scenario A, the control structure in Fig. 7 is designed to
apply a wrench to the object. The cascaded control structure has

two layers: for the inner loop, the built-in low-level controller
for each drone receives reference thrust f ∗

i , desired roll/pitch
angles {θ∗xi, θ∗yi}, desired yaw change rate θ̇∗zi, and generates its
own propeller spinning speeds {u4i−3, . . . , u4i}, which are the
control inputs to the systems. The outer loop is decoupled into
drones’ height control and yaw control. The inputs of these two
subloops are obtained via inverse kinematics calculation, which
could be expressed as⎧⎪⎪⎪⎨

⎪⎪⎪⎩

θ∗xi = arcsin
−[0,1,0]THT

i λi

cos θ∗
yi‖HT

i λi+[0,0,mig0]T‖2

θ∗yi = arcsin
[1,0,0]THT

i λi

‖HT
i λi+[0,0,mig0]T‖2

z∗i = [0, 0, 1]Tci.

(16)

The yaw feedback loop of each drone employs a standard
proportional-derivative (PD) law. For stabilizing the altitude
loop, a nonlinear PD law plus feedforward term is implemented

f ∗
i =

mig0 + kp(z
∗
i − zi) + kd(ż

∗
i − żi)

cos θxi cos θyi
(17)

where kp = 1.6 and kd = 0.8 are the proportional and derivative
gains, respectively. After that, the thrust magnitude reference is
transferred into the thrust command s, a 16-bit (0-65535) type
data.

In Scenario B, a standard cascaded position–attitude con-
troller is implemented for each drone to track its reference
trajectory [29].

In this work, the relationship between the thrust command and
thrust magnitude is obtained from an identification test, in which
the thrust magnitude of different drones powered in different
battery states is measured with the F/T sensor. Drones were
attached to the F/T sensor and thrust magnitudes measurements
were gathered. Then, a polynomial-based map between the
thrust command and the actual measured thrust magnitude was
fitted

fi = p1ŝ
3 + p2ŝ

2 + p3ŝ+ p4 +Δfi (18)

where ŝ = s/65535 is the regularized thrust command, and
Δfi is the thrust magnitude uncertainty. In Scenario A, values
were set as p1 = −14.45, p2 = 19.61, p3 = 0.1795, and p4 =
0.05925, and whereas the bound of the actuation uncertainty was
estimated as |Δfi| < 0.6427 N. In scenario B, p1 = −0.1498,
p2 = 0.1085, p3 = 0.4082, and p4 = 0.0117 for drones 1 and 2,
and p1 = −0.4230, p2 = 0.6042, p3 = 0.2428, and p4 = 0.009
for drone 3, whereas |Δfi| < 0.6427N.

The uncertainties arising from actuation and sensors in the
experimental validation are detailed in Section S.2 of the Sup-
plementary Material.

D. Results

In Figs. 8 and 9, we show how the angle of the applied force
and the length of the cables varied throughout Experiments A.1
and B.1. For each drone i, we computed the angles βi between
the cables cones limits (i.e., the imaginary prolongations of the
cables), and γi between the cables cones limits and λi. The two
angles are depicted in Fig. 8(a). As shown in Fig. 8(b) and (c)
for Experiment A.1, and in Fig. 9(a) and (b) for Experiment B.1,
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Fig. 8. Cables constraints in Experiment A. (a) Main quantities and notation. (b) and (c) Angles βi and γi for drones 1 and 2, respectively.
(d) Length of the cables.

Fig. 9. Cables constraints in Experiment B.1. (a) and (b) Angles βi and γi for drone 1 and drone 2, respectively. (c) Length of the cables.

Fig. 10. Scenario A: comparison between the wrench applied on the object measured by the F/T sensor (red) and the one computed using the
model (blue) for the two experiments. The violet interval defines the range of uncertainty due to the installation angle of the sensor and the drone
thrust commands. (a) Experiment A.1. (b) Experiment A.2.

for both drones γi remain between 0 and βi and hence the cables
constraints are satisfied. As a consequence, despite some effects
due to the cables elasticity and uncertainties, the cables remain
taut during the experiment, as reported in Figs. 8(d) and 9(c).
In Experiments A.2 and B.2, where only one cable is attached
to each drone, spanning the cables cone only corresponds to
changing the intensity of the force component along the cable
λi, as depicted in Fig. 3. In addition, while with two cables the
cables constraints impose that λi belongs to the portion of space

included between the prolongation of the cables, when only one
cable is attached to drone i the cables constraints are satisfied as
long as λi > 0.

To analyse the first property listed in Section IV-A, we com-
pared the actual object wrench measured with the F/T sensor
and the theoretical value computed using the proposed model.
The obtained results are shown in Figs. 10 and 11. In Scenario
A, the uncertainty is affected by both the thrust command and
the sensor installation angle, whereas in Scenario B only by
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Fig. 11. Scenario B: comparison between the wrench applied on the object computed using the object tracking measurements (red) and the one
computed using the model (blue) for the two experiments. The violet interval defines the range of uncertainty due to the drone thrust commands.
(a) Experiment B.1. (b) Experiment B.2.

the thrust command. In both experiments, the measured wrench
mostly falls within the uncertainty range, thereby validating
the proposed model. There are only some small deviations
in Experiment A.1, in τx and τz , and in Experiment B.1 in
Fx, due to unmodeled disturbances, including cable elasticity,
object structure deformation, tracking errors, and position offset
between the cable attachment point on the drone and drone’s
center of mass.

To assess that each generated wrench w does not belong to
the N (GT) (second property listed in Section IV-A), a possible
approach is to verify that the matrix A = [N(ĜT) ŵ

‖ŵ‖ ] is full

rank. Ĝ and ŵ are the scaled grasp matrix G and scaled wrench
w, obtained by dividing their respective torques components
by a characteristic length l, chosen as the maximum distance
between the drones and the center of mass of the object, to
ensure physical consistency, andN(ĜT) is an orthonormal basis
of N (ĜT). The matrix A was verified to have full rank for each
generated object wrench w, inspecting the number of nonzero
singular values, given numerical precision. To further show this,
we also computed the values of the condition number during
the experiments. The condition number of a matrix, defined
as the ratio between its maximum and the minimum singular
values, provides a measure of how close a matrix is to being
singular and, consequently, to losing rank [30]. A low condition
number indicates a well-conditioned matrix, whereas a high
condition number indicates an ill-conditioned matrix. Typically,
the condition number ranges from 1 (for a unitary matrix) to
very large values (tending to infinite) for matrices that are nearly
singular. In Figs. 12 and 13, the condition number of matrix A
in the two experiments is reported. It always remains bounded
and close to 1, confirming that the matrix A is far from losing
rank.

To verify that every generated wrench w measured by the F/T
sensor belonged to the Grasp Wrench Space W (third property
listed in Section IV-A), we computed the minimum distance

Fig. 12. Scenario A: condition number of matrix A in the two experi-
ments. (a) Experiment A.1. (b) Experiment A.2.

Fig. 13. Scenario B: condition number of matrix A in the two experi-
ments. (a) Experiment B.1. (b) Experiment B.2.

of the measured wrenches from the boundaries of W . W was
computed considering a drone maximum thrust λ′

i,max of 4 N for
Scenario A, and of 0.4 N for Scenario B. W and the measured
wrenches were first projected onto the nc-dimensional space
corresponding to the image of G. Then, the minimum distance
dmin of each projected wrench wp ∈ Rnc from the m facets of
the projected Grasp Wrench Space is computed as

dmin = min
j=1,...,m

〈nj ,wp − pj〉
‖nj‖ (19)

where nj ∈ Rnc is the normal vector to the jth facet pointing
inside the wrench space,pj ∈ Rnc is a point belonging to the jth
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Fig. 14. Scenario A: the minimum distance between the wrenches
measured with the F/T sensor and the Grasp Wrench Space limit sur-
faces. (a) Experiment A.1. (b) Experiment A.2.

Fig. 15. Scenario B: the minimum distance between the wrenches
computed using the object tracking measurements and the Grasp
Wrench Space limit surfaces. (a) Experiment B.1. (b) Experiment B.2.

facet, ‖ · ‖ is the Euclidean norm, and 〈·, ·〉 is the dot product. The
resulting values for the two experiments are reported in Figs. 14
and 15. In both scenarios, the measured wrenches are always
contained in the theoretical Grasp Wrench Space, as the distance
of the measured wrenches form the wrench space boundaries is
always positive.

V. DISCUSSION

The experimental results validate the proposed modeling
framework by demonstrating that it accurately captures the
wrench applied to the object, and that the grasp-based for-
mulation provides additional value allowing to systematically
describe the set of wrenches that can and cannot be resisted,
accounting for drone’s actuation limits and cables tautness con-
straints. This is demonstrated across multiple configurations,
illustrating the scalability of the proposed formulation, which
generalizes to systems with an arbitrary number of drones and
cables per drone. Moreover, the proposed framework can be
directly used to formulate optimization problems, such as mini-
mizing the total thrust or reducing the likelihood of cable slack-
ening, in analogy with multifinger grasping, as demonstrated in
the Supplementary Material.

The developed formulation assumes that the cables consid-
ered in the Selection Matrix H remain taut, which is ensured
as long as the transmitted forces satisfy the cables constraints.
This assumption has been widely adopted and demonstrated as
practically effective in works on tethered aerial manipulation
for object pose control [7], [21], [22], [25], [31]. When the
drone force approaches the cables cone limits, the cables that
are most likely to become slack are those in which the tension is
approaching zero. This indicates that these cables are minimally
contributing to the wrench applied to the object. Therefore,

cables that significantly contribute to the wrench applied on the
object are less likely to become slack, while if a cable is near
to a zero tension, then it contributes negligibly to the wrench
applied to the object.

In the cable-suspended manipulation model, if the force
transmitted by a drone λi lies outside the corresponding cables
cone, the the cables become slack. The slackening of a cable is
easily taken into account by the proposed model, thanks to the
possibility to modify the Selection Matrix H to consider that the
force component along the cable cannot be transmitted to the
object anymore. On the one hand, a slack cable can give more
freedom to the drone, enlarging its manipulation capabilities
along certain directions. However, the slackening causes the loss
of the ability to apply force along the cable. Thus, slackening
cables limit the manipulation capabilities of the system, which
becomes less capable of rejecting external disturbances. Lastly,
in grasping with multifingered hands, when a force is applied
outside the friction cone, it leads to the slip of the contact point,
and this may result in the object being dropped. Instead, in
cable-suspended manipulation, the object is not lost and the
tautness of the cable can be regained.

A current limitation is that the proposed formulation as-
sumes inextensible cables. As demonstrated by the experimental
evaluation, if the cables present negligible elasticity, then the
model accurately describes the force transmission and structural
properties of the system. In future work, we plan to investigate
the use of elastic cables taking it into account in the model of
the system. A possibility is to include in the model the elasticity
of the cables based on the concept of compliant grasps [4].

VI. CONCLUSION

In this work, we propose a mathematical model for cable-
suspended multidrone manipulation that is based on the grasp
model for multifingered hands developed in literature, detailing
the analogies and differences between the two models. The con-
ducted experiments demonstrated the validity of the proposed
model for different configurations of drones and cables, opening
the possibility of exploiting established tools from robotic grasp-
ing for the analysis and control of cable-suspended multidrone
systems.

As an example, in future work we will exploit grasp quality
measures [32] to reconfigure the drones to maximize resistance
to external disturbances, or to optimize the configuration de-
pending on the task objective, identifying the optimal number
of cables and drones and the optimal anchor points of the cables
on the object.
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