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Introduction

Figure 1: Jimenez-Cano et al., “Control of an Aerial Robot with
Multi-link Arm for Assembly Tasks” (2013).

Figure 2: Fumagalli et al., “Developing an Aerial Manipulator
Prototype” (2014).

Figure 3: Saint-Sevin et al., “Design and Optimization of a
Multi-drone Robot for Grasping and Manipulation of Large
Size Objects” (2018).

Figure 4: Saint-Sevin et al., “Design and Optimization of a
Multi-drone Robot for Grasping and Manipulation of Large
Size Objects” (2018).

What we Imagine
A modular/adaptive aerial grasping device implemented as a soft gripper.
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Introduction

What we imagine

• Build “aerial fingers”: flexible bodies manipulated
by drones

• Collaboratively controlling fingers: “aerial hand”
• Multi-scale problem

1. Drone
2. Flexible body
3. Manipulation/Collaboration
4. Path/trajectory planning
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Challenges

Figure 5: Kinematic model of a hexarotor used in the current
preliminary studies.

Figure 6: Model of a flexible body based on the Cosserat
theory.

Challenges

• Rigid-flexible multibody system
• Simple model of rigid-body for drones
• What model for flexible body to describe rigid-body
transformations and elastic-body deformations?

• Underactuated system
• Drones may be underactuated (quadrotor vs.
hexarotor)

• Flexible body very underactuated

• Numerical efficiency
• Conventional mass-spring-damper system for flexible
body

• Numerical evaluation of explicit dynamics very
expensive

• Shape control of flexible body
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Preliminary Results

Figure 7: Preliminary simulation results of manipulating a flexible body using arbitrary wrench generators on either end.
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Preliminary Results

Figure 8: Preliminary simulation results of manipulating a flexible body using drones (hexarotors).
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(a) Rigid drone-based gripper used for

manipulating cylindrical objects [1].

(b) Concept of a flexible-body

drone-based gripper to-be-developed

in this work.

Motivation
Aerial robotics area adaptive, mobile, and feature a very large

workspace
Several grasping aerial manipulators can be obtained by
attaching grippers to the underside [2],

attaching multi-DoF serial/parallel manipulators [3], [4],

by using multiple drones actuating a linkage [1], [5].

A “flying hand” would be more adaptive and versatile

Actuating flexible bodies at their extremities through drones

allows us to design “flying fingers”, parts of a “flying hand”

Concept

Use two drones to move and manipulate a flexible body⇒
flexible body becomes the grasping component

Drones become actuator of a floating-base flexible manipulator

Multiple of these finger-like systems then used to manipulate

larger objects

Figure 2. Three phases of the concept of a flexble-body gripper composed of

two drones and one flexible beam: approaching, grabbing, manipulating.

Notation
g = (R, p) Homogeneous transformation

η = (Ω,V ) twist vector of angular velocity Ω and linear

velocity V
ξ = (K,Γ) strain vector ∈ R6

Ad(·) adjoint operator, allowing changes of twist between frames;

defined for g = (R, p)

Adg =

[
R 0

p∧R R

]
ad(·) adjoint operator, defined for Y = (W,U) ∈ R6

adY =

[
W∧ 0
U∧ W∧

]
˙(·) partial derivative with respect to time t, ˙(·) = ∂

∂t
(·)′ partial derivative with respect to path coordinate X ,

(·)′ = ∂
∂X

Ψ∧ 3× 3 skew-symmetric matrix of Ψ ∈ R3 such

that Ψ∧V = Ψ× V
Ψ∧ 4× 4 skew-symmetric matrix of Ψ = (W ;U) ∈ R6 such that

Ψ∧ =

[
W∧ U
0 0

]

Figure 3. Kinematic notation of a Cosserat beam with material coordinate X , root cross-section at g0,

and an arbitrary rigid cross-section at g(X).

Kinematics

Flexible body

We model the flexible body as a Cosserat beam [6]

Assuming small strains, the fields

η =
(
g−1ġ

)∨
, ξ =

(
g−1 g′

)∨
,

are given by the constitutive relation

Σ = M η , Λ = H(ξ − ξO) .

The strain-based parametrization approach by [7] provides a finite-dimensional

dynamics model using

ξ = B ξa +B ξc ,

with

ξa(X, t) = ξao(X) +Φ(X) qε(t) ,

Figure 4. Kinematic drawing of a hexarotor

with drone frame FB, rotor frames FPi, and

world frame FW [8].

Drone

Drone considered a free-floating

rigid-body

Subject to gravitational, thrust, and

drag forces

F thrust

B
=

N∑
i=1

Ad>gi
(
kthrustω2i δ6

)
F drag

B
=

N∑
i=1

Ad>gi
(
(−1)−ikdragω2i δ3

)
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Dynamics

Lagrangian model of a drone

MB η̇B − ad>ηB
MB ηB = F ext

B
+ F thrust

B
+ F drag

B

Lagrangian model of a flexible body[
F 0

Qa

]
=

[
M00 M0ε

Mε0 Mεε

] [
η̇0

q̈ε

]
+ . . .

+

[
F v(qε, q̇ε, η0)
Qv(qε, q̇ε, η0)

]
+

[
F c(qε, g0)
Qc(qε, g0)

]
+ . . .

+

[
O

Kεε qε +Dεε q̇ε

]
[
Fad

Qad

]
= IDM(qε, q̇ε, q̈ε, g0, η0, η̇0) ,

Components obtained using the Inverse Dynamics Model

(forward-backward integration; see column Algorithms)

Full system dynamics read

MP η̇P − ad>ηP
MP ηP = F ext

P
+ F P,F ,

Σ̇F − ad>ηF
ΣF = Λ′

F
− ad>ξF

ΛF + F̄
F
,

MD η̇D − ad>ηD
MD ηD = F ext

D
+ F F,D ,

Boundary/continuity conditions

ΛF(0) = −F F,P ΛF(1) = +F D,F ,

Kinematic reconstruction equations

ġ
P
= gP η

∧
P
, ġ

F
= gF η

∧
F
, ġ

D
= gD η

∧
D
.

Conclusions
Derived simulation model of a finger-like flexible body gripper using

hexarotors

Strain-based parametrization of the flexible body provides low and

finite dimensional model of deformation

We can simulate manipulation of a flexible body using force inputs

FutureWorks
Increase performance of spatial integration of flexible body’s IDM

through spectral integration

Replace hexarotors with quadrotors and assess differnet joint typesss

between drone and flexible body

Replace explicit time integration by implicit time integration scheme

Use recursive IDM floating-base algorithm instead of explicit body

dynamics (Featherstone algorithm [9])

Algorithms

Strain decomposition

ξa(X, t) = ξao(X) +Φ(X) qε(t)

ξ̇(X, t) = BΦ(X) q̇ε(t)

ξ̈(X, t) = BΦ(X) q̈ε(t)

Kinematics

Forward on X ∈ [0, 1]

∂

∂X


Q
r
η
η̇

 =


1
2A(Q)K
R(Q)Γ

− adξ η + η̇

− adξ η̇ − ad
ξ̇
+ ξ̈


(Q, r, η, η̇)(0) = (Q0, r0, η0, η̇0)

Backward on X ∈ [1, 0]

∂

∂X


Q
r
η
η̇
Λ
Qa

 =



1
2A(Q)K
R(Q)Γ

− adξ η + η̇

− adξ η̇ − ad
ξ̇
+ ξ̈

ad>ξ Λ +M η̇ − ad>η M η − F̄

−Φ>B>Λ


(Q, r, η, η̇,Λ, Qa)(1) = (Q1, r1, η1, η̇1, F1,O)

Lagrangian (IDM)

1. Configuration-dependent[
F c

Qc

]
= IDM(qε, 0, 0, g0, 0, 0) .

2. Velocity-dependent[
F v

Qv

]
= IDM(qε, q̇ε, 0, g0, η0, 0)−

[
F c

Qc

]
.

3. Proximal section inertia[
M(i)

00

M(i)
ε0

]
= IDM(qε, 0, 0, g0, 0, δi)−

[
F c

Qc

]
.

4. Elastic inertia [
M(i)

0ε

M(i)
εε

]
= IDM(qε, 0, δi, g0, 0, 0)−

[
F c

Qc

]
.

Results

Figure 5. Applied external wrench F 1 at

distal end; wrench applied at proximal

omitted while given through F 0 = −F 1.

Figure 6. Total curvatures and strains of

flexible body; K2 and K3 are equivalent. Figure 7. Initial, deformation-free

configuration (t = 0 s).
Figure 8. Fully deformed flexible

body (t = 20 s).
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Let’s talk about:

• Manipulating flexible bodies

• Aerial manipulators

• Rigid-flexible multibody systems

• Model and algorithmic
perspectives

8


	Introduction
	Challenges
	Preliminary Results

	fd@rm@1: 
	fd@rm@0: 


