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Abstract—In recent years, the fields of application of aerial
manipulators have expanded, ranging from infrastructure in-
spection to physical interaction with flexible elements such as
branches and trees. This paper presents the controlled shaking of
a tree with an aerial manipulator. Our work aims at contributing
to applications like the identification of tree parameters for
environmental health monitoring or the collection of samples and
fruits by vibration. To this end, we propose a control strategy
for controlled shaking of flexible systems. We adopt a self-
excited oscillation strategy that induces vibrations at the natural
frequency of the system, at which the greatest amplification
and therefore the greatest vibrations occur. Likewise, this work
presents a simplified 1 DoF model based on the Rayleigh–Ritz
method to analyze dynamic interaction between a tree and the
aerial manipulator with the controlled shaking strategy. The
proposed control strategy is evaluated through indoor experi-
ments, where an aerial manipulator shakes an indoor tree made
of bamboo canes. Experimental results show how the proposed
model can estimate properly the amplitude of the vibration and
the frequency of the vibration, depending on the grasping point
and the control gain of the self-excited oscillation strategy1.

Index Terms—Aerial Robotics, Aerial Physical Interaction,
Control for Manipulation, Control of Flexible Elements, Con-
trolled Shaking

I. INTRODUCTION

AERIAL manipulators bring together the flexibility and
maneuverability of aerial platforms with the functionali-

ties and capabilities of robotic manipulators [1]. They offer
a chance to diminish the duration, expenses, and potential
hazards associated with operations conducted at elevated,
dangerous, or hard-to-reach areas. This led to the expansion
of application fields for UAVs (Unmanned Aerial Vehicles)
which range from support in post-disaster situations [2] to the
inspection of oil and gas refineries [3], chemical plants [4],
power lines [5], or civil infrastructures [6]. This shows the
huge recent development of aerial manipulators.

However, some challenges need to be addressed to develop
secure, robust and outdoor capable aerial platforms. Standard
coplanar multirotors are underactuated systems, since they can
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Fig. 1. Aerial manipulator controlled shakes a tree. Different frames during
the oscillation of the system are shown.

generate thrust in one direction only, and three independent
torques to control the 6 DoFs of the system. This is very lim-
iting when they physically interact with the environment [7],
since they must modify their attitude to generate lateral forces
that allow contact with the environment. To overcome these
limitations, some works present new platform designs [8],
ranging from the use of tilted rotor platforms [6], [9] or tilting
rotors with servomotors [10], [11], to the use of flapping bio-
inspired robots [12], [13].

All these developments have enabled the use of aerial
manipulators in tasks requiring high precision contact. For
example, in [6], the authors present a fully-actuated design
for the inspection of hard-to-reach bridges’ areas, like ceilings,
bearings and beams [14]. The range of tasks recently extended
to the manipulation of articulated objects like doors [15], and
carts [16], as well as the interaction with humans [17].

In view of the recent improvement of manipulation capabili-
ties of aerial robots, the use of aerial manipulators for physical
interaction with flexible elements, such as trees, branches or
beams, has been investigated. This field of study presents
novel applications, such as the use of aerial manipulators
for the collection of environmental DNA from tree branches
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[18] or for canopy sampling [19], which helps biodiversity
monitoring. Several works exploit the unlimited working space
of aerial manipulators to install sensors [20] in trees and
plantations, allowing data collection and monitoring to detect
early plant stress [21]. In addition, innovative designs have
emerged, featuring robots capable of moving within tree
canopies [22], where UAVs cannot access due to densely
vegetated environments filled with leaves and branches. Other
studies focus on the new challenges that open up this field of
research, like the coupling dynamics that appear between the
aerial platform and the flexible system [23].

Furthermore, in the field of agriculture and environmental
science, various applications necessitate the vibration of trees
and plants. For instance, the shake-and-catch method [24] is
one of the most common methods of fruit harvesting. Here
the tree is shaken using a shaker, a mechanical device that
induce vibrations to the tree [25]. The tree shaking kinetic
energy is transmitted to branches and fruits, which generates
enough force to break the fruit-stem interface. These fruits are
collected afterwards or fall directly onto a net that is previously
placed around the tree. Typically, this method uses a large
and powerful shaker, mounted on a tractor, that shakes at a
frequency independent of the tree. When the shaker is smaller,
with a corresponding reduction in power, it can be operated by
humans. Nevertheless, due to the power limits of the shaker, it
is important to shake the tree at its natural frequency, at which
the greatest amplification and therefore the greatest vibrations
occur [26]. Therefore, shakers capable of identifying these
natural frequencies have been investigated in order to adapt
the shaking frequency during operation [27]. In the same way,
many methods for identifying dynamic parameters of trees
need to induce vibrations [28] into the trees. The identified
parameters (natural frequency, damping, stiffness, ...) are used
to monitor the condition of trees and they can help in the
detection of possible damages by tracking variations in the
characteristic frequency or damping [29]. However, the above
applications require large shakers operated by people, who
must move to the tree to be vibrated for fruit harvesting or
identifying its parameters.

A. Contributions and novelties

In this work we present the first aerial manipulator capa-
ble of controlled shaking flexible elements such as trees or
branches (see Figure 1), contributing to the field of agriculture
and environmental science. This study opens the door to
the use of UAVs for fruit harvesting or the assessment of
tree parameters, enabling the remote execution of these tasks
without the direct involvement of humans or big machines, like
shakers, in areas that are inaccessible to human intervention.
We propose the following contributions:

• Design of a control scheme for the UAV to shake flexible
systems, like trees or branches, in a controlled way.

• Development of a 1 DoF model for analyzing the closed-
loop system behavior when the robot is controlled by the
proposed method.

To the best of our knowledge, this is the first work that
proposes a control scheme for an aerial manipulator shaking

a tree in a controlled way. The proposed control strategy
relies on a self-excited oscillation strategy [30]. This approach
generates a force command for the UAV based on its velocity,
guaranteeing that the tree–UAV system vibrates at its natural
frequency, without requiring knowledge of any parameters
of the shaken system, such as length, stiffness, damping, or
equivalent mass. We have combined this strategy with an
hybrid force/pose controller [11], such to generate oscillations
in the interaction direction while controlling the position in
the others.

In addition, although there are already several tree models
developed in biomechanics fields [31], they are typically
too complex to allow a theoretical analysis of the tree-UAV
interaction during the controlled shaking. The proposed model
in this work is a simple 1 DoF model based on the Rayleigh–
Ritz method [32], which allows to reduce an infinite number
of degrees-of-freedom of a system into a finite number [33].
Compared with other UAV–flexible elements models [19],
[23], our model can easily consider the controlled shaking
scheme, making analysis possible and easier. Despite its
simplicity, it still predicts the behaviour of the complete tree–
UAV system considering the controller gain, in particular the
oscillation’s frequency and amplitude.

The proposed controlled shaking scheme is evaluated
through indoor experiments using a fully-actuated UAV and a
custom-made tree. While the control strategy can be validated
with any flexible system as it does not require knowledge of
any parameters of the interacting system, this setup enables
better control of the associated parameters. This allows us
to precisely compare the real experimental results with the
expected ones, which are obtained by combining the proposed
tree model with the control scheme. This comparison shows
that the system vibrates at its natural frequency.

The rest of the paper is organised as follows. Section II
describes and provides models for the fully-actuated UAV
and the tree. Section III presents the control of the UAV, the
self-excited oscillation strategy and the theoretical analysis
of the tree-UAV system using the proposed method. The
experimental results are presented in Section IV, where the
model and the self-excited oscillation strategy are evaluated
with indoor flights. Finally, the conclusions of this work, along
with future research directions, are summarized in Section V.

II. UAV–TREE SYSTEM MODELING

A. Platform Description

The fully-actuated UAV used in this work is an Omnidi-
rectional Micro Aerial Vehicle (OMAV) as in [11]. It is an
aerial robot composed of two main elements: the main body
in the middle that contains most of the system’s inertia, and
six tiltrotor units that can rotate with respect to the main body.
Each unit is composed of a servomotor for the arm rotation,
and two coaxial propellers to provide the desired thrust.
Each of the arms can be independently actuated, allowing the
platform to instantaneously exert a full 6 DoFs control wrench
at any orientation, thus making the system fully-actuated. We
additionally rigidly attach a carbon fiber stick with a hook to
the main body of the vehicle such to enable it to interact with
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the tree. The interacting hook is the result of a 3D-printed
design and is completely passive.

Fig. 2. OMAV platform with hook for the controlled shaking of trees. The
body frame of OMAV is indicated with FB , with the colored propellers
mounted on the arm along the body y-axis. A zoom-in of the hook better
shows its details.

B. OMAV Model

We model our system following a Lagrangian approach as
in [11]. We define a world and a body frame denoted by FW

and FB , respectively. FB is located at the OMAV’s center of
mass. We then define the position Wp ∈ R3 and orientation
WRB ∈ SO(3) of the OMAV’s body with respect to FW .
From these we can define the linear Bṗ ∈ R3 and angular
Bω ∈ R3 velocities, which we stack together to from the
system’s twist Bv ∈ R6. We also assume the platform is
always able to generated a full control wrench τc ∈ R6 through
its propellers and servomotors, following the control allocation
procedure in [11]. In the end, we obtain the Lagrangian model
for our OMAV as

MBv̇ + c (Bω) + g (WRB) = τc + τext, (1)

where MB ∈ R6×6 is the constant, body-frame, inertia matrix,
c (Bω) ∈ R6 is the vector of Coriolis forces, g (WRB) ∈ R6

is the gravity wrench and τext ∈ R6 represents the external
wrench applied on the system because of its interaction with
the environment.

1) External Wrench Estimator: To successfully interact
with the tree, we require a measure or estimate of the inter-
action wrench. To this end, we employ the momentum-based
estimator proposed in [11], [34] as

τ̂ext = KE

(
MBv −

∫
(τc − c− g + τ̂ext) dt

)
, (2)

where KE ∈ R6×6 is a positive definite and diagonal matrix
which represents the estimator gain and τ̂ext ∈ R6 represents
the estimated wrench.

C. Tree Model

In this work we use the Rayleigh–Ritz method to obtain
a 1 DoF model of the tree. We choose as our only DoF
xa(t) ∈ R, the displacement of the contact point between the
UAV and the tree a ∈ R.

Assumption 1. Although the tree is a continuous system, it
can be represented by a single degree of freedom during the

interaction with the UAV controlled by the proposed strategy.
This assumption is based on the fact that the closed-loop
system (UAV with the tree) behavior mainly vibrates in its
first mode of vibration, so only one harmonic function is
needed to represent it, i.e., only one degree of freedom. This
assumption is validated by the experimental results presented
in Section IV-B.

Without loss of generality, we consider that the oscillation
occurs along the xW direction, since we can redefine the
orientation of FW to make xW and xB collinear. We consider
that the world frame is attached to the tree base, with yW in
the direction of the resting tree trunk, as shown in Figure 3.
Using the Lagrange’s equation, the dynamics of the system
reads:

meqẍa(t) + ceqẋa(t) + keqxa(t) = fx(t), (3)

where xa(t) is the displacement of the contact point between
the UAV and the tree trunk, fx (t) ∈ R is the force applied by
the UAV onto the tree trunk in the xW direction, and meq ∈ R,
ceq ∈ R and keq ∈ R are respectively the equivalent mass,
equivalent damping and equivalent stiffness of the tree. So, in
order to analyze and estimate the behaviour between the tree
and the UAV, we need to compute the equivalent parameters
of the model meq, ceq and keq.

Assumption 2. We study the model describing the tree–UAV
interaction when this happens at the trunk level2. In practice,
most applications such as fruit harvesting and parameter
monitoring involve shaking the tree from the trunk.

The parameters meq and keq are obtained from the total ki-
netic energy T ∈ R and potential energy K ∈ R of the system.
The equivalent damping ceq is instead obtained experimentally,
as its analytical estimation can be very challenging because
there are many sources of dissipation during the motion [35].
For obtaining the kinetic energy T and potential energy K, we
divide the tree into three different components (see Figure 3):
the trunk, the NB branches connected to the trunk and the
NF fruits, where NB ∈ N and NF ∈ N are the number
of branches and fruits of the tree, respectively. If a branch
has branches, these can be treated as fruit at their point of
attachment, following a process similar to that described in
Section II-C2. This way, the kinetic T and potential energy K
of the complete tree become:

T = TT +

NB∑
i=1

TBi
+

NF∑
j=1

TFj and K = KT , (4)

where TBi
∈ R is the kinetic energy of the i-th branch Bi,

TFj ∈ R is the kinetic energy of the j-th fruit Fj , and TT ∈ R
and KT ∈ R are the kinetic energy and potential energy of
the trunk, respectively. In this case, only the elastic potential
energy of the trunk is considered since it is the only element
that deforms. In addition, we do not consider the gravitational
potential energy, as the movement is perpendicular to the

2The proposed model could also be applied to interactions with branches
if the trunk is highly rigid and can be considered as a fixed base.



PAPER SUBMITTED TO IEEE/ASME TRANSACTIONS ON MECHATRONICS 4

Fig. 3. Schematic of the tree, including the trunk, branches and fruits. a) Real trees: 1) trunk with low stiffness, where the model is only applied for
UAV–trunk interaction and 2) trunk with high stiffness, where the model is also valid for UAV–branch interaction, as the trunk can be considered as fixed base.
b) Simplified model for the tree, composed of a trunk, branches and fruits. c) Deformed trunk with an applied force fx. d) Branch parameters. e) Detailed
view of a branch.

gravity. Thus, the equivalent mass meq and stiffness keq

become:

meq = meq
T +

NB∑
i=1

meq
Bi
+

NF∑
j=1

meq
Fj

and keq = keqT , (5)

where meq
Bi

∈ R is the equivalent mass of the i-th branch
Bi, m

eq
Bi

∈ R is the equivalent mass of the j-th fruit Fj , and
meq

T ∈ R and keqT ∈ R are the equivalent mass and stiffness of
the trunk, respectively. The equivalent mass and stiffness of
each element can be identified from the kinetic and potential
energy functions, expressed as functions of the degree of
freedom xa(t). We compute these equivalent parameters in
the following.

1) Trunk parameters: the trunk is modeled as a vertical
beam of length lT ∈ R.

Assumption 3. For simplicity, we suppose that the tree is
composed of straight branches and a straight trunk. If this is
not the case, the curves describing the shape of the branches
and trunk have to be parameterized to accurately represent
their form. In practice, various state-of-the-art methods [36],
[37] can be employed for this purpose. The morphology of the
tree would be considered in the calculation of the kinetic and
potential energy of each element, that is in the integrals (6)
and (7).

The displacement of any point of the trunk is given by
x(ζ, t) ∈ R, where ζ ∈ R is the spatial variable that goes from
the ground to the tip of the trunk ζ ∈ [0, lT ]. We consider the
UAV applying a force fx at the point a. The kinetic energy
TT and the potential energy KT of the trunk are:

TT =
1

2

∫ lT

0

ρT ẋ (ζ, t)
2
dζ (6)

KT =
1

2

∫ lT

0

EI (x′′(ζ, t))
2
dζ, (7)

where ρT ∈ R is the linear density of the trunk, E ∈
R is Young’s modulus, I ∈ R is the section inertia,
ẋ (ζ, t) = dx (ζ, t) /dt and x′′ (ζ, t) = ∂2x (ζ, t) /∂ζ2. For
simplicity, we assume that ρT , E and I are constant along

the length of the trunk. Likewise, we assume that x (ζ, t) can
be expressed in separable variables3 as:

x(ζ, t) = xa(t)η(ζ) ∀ζ ∈ [0, lT ] , (8)

where xa(t) is the displacement of point a, chosen as the
degree of freedom of the system, and η(ζ) ∈ R is the
shape of the deformed beam. Doing that, we can identify
the expressions of the equivalent mass meq

T and equivalent
stiffness keqT as:

TT =
1

2
ẋ2
a

meq
T︷ ︸︸ ︷∫ lT

0

ρT (η (ζ))
2
dζ, (9)

KT =
1

2
x2
a

∫ lT

0

EI(η′′(ζ))
2
dζ︸ ︷︷ ︸

keq
T

. (10)

Moreover, the expression of the deformation η(ζ) must satisfy
the Dirichlet boundary conditions, related with the displace-
ment of the beam η(0) = 0, and Neumann boundary condi-
tions, related with the rotation of the beam η′(0) = 0 [38]. As
we consider a 1 DoF model, a good approximation is to take
η (ζ) as the deformed shape of the beam under a static load
applied at the point a [39]. Doing this, η (ζ) becomes:

η (ζ) =


3

2

(
ζ

a

)2

− 1

2

(
ζ

a

)3

if 0 ≤ ζ ≤ a

3

2

(
ζ

a

)
− 1

2
if a ≤ ζ ≤ lT

. (11)

From the expression of η (ζ) in (11) and the expression of
meq

T in (9) and keqT in (10), we obtain:

meq
T = ρT

[
a

3

140
+

3

4

(
l3T − a3

a2

)
+

+
1

4
(lT − a)− 3

4

(
l2T − a2

a

)]
(12)

3This assumption is equivalent to decompose x (ζ, t) as the sum of its
different vibration modes and only keep the first mode. We do this as our
model is a 1 DoF model, so we consider only one vibration mode.
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keqT =
3EI

a3
, (13)

which show the dependence with the grasping point a.
2) Branch parameters: the branches are modeled as straight

beams (see Assumption 3) embedded in the trunk of the tree,
which do not deform, but are moved only by the movement
of the trunk. As shown in Figures 3d and 3e, the branch Bi,
with length lBi

∈ R, is embedded in the trunk at the trunk
point Ri, which is a height ri ∈ R from the ground. Likewise,
this branch forms an angle βi ∈ R with the ground XZ, while
its projection in the XZ plane forms an angle θi ∈ R with
the X-axis, the direction of the applied force fx. The kinetic
energy of a branch can be computed as:

TBi
=

1

2

∫ lBi

0

ρBivλi

⊤vλi
dλi, (14)

where ρBi ∈ R is the linear density of the branch i,
λi ∈ [0, lBi

] is the coordinate that parametrizes any point of
the branch i and vλi

∈ R3 is the velocity of the point λi of
the branch. The velocity vλi

can be expressed as a function
of the linear velocity vRi ∈ R3 and rotational speed of the
trunk ωRi ∈ R3 at the branch-trunk union Ri:

vλi
= vRi + ωRi ×Riλi, (15)

where Riλi ∈ R3 is the position vector from the trunk-branch
union Ri to the position λi in the branch-i. In addition, the
linear velocity vRi and rotational speed ωRi of the trunk can
be expressed as a function of the degree of freedom ẋa:

vRi = ẋaη(ri)xW = ẋaηRixW , (16)

ωRi
=

d

dt

(
∂x(ζ, t)

∂ζ

) ∣∣∣∣
ζ=ri

zW = ẋaη
′
Ri
zW . (17)

Finally, developing (14) with the velocity vλi
as a function

of ẋa, we can identify the equivalent mass of the branch Bi.
Doing this, we have:

meq
Bi

= ρBi

[
η2Ri

lBi + η′2Ri

l3Bi

3

[
cos2 (βi) cos

2 (θi)+

+ sin2 (βi)
]
− ηRi

η′Ri
l2Bi

sin (βi)
]
, (18)

where the dependence with the grasping point a appears in
the expressions of ηRi

= η(ζ = ri) and η′Ri
= ∂η(ζ)

∂ζ |ζ=ri .
3) Fruit parameters: the fruits are modeled as point masses

attached to the branches. The kinetic energy of the j-th fruit
Fj , can be expressed as:

TFj
=

1

2
mFj

v⊤
Fj
vFj

, (19)

where mFj
∈ R is the mass of the fruit Fj and vFj

∈ R3

its velocity. The velocity vFj can be computed using Equa-
tion (15) with λi = lFj , where lFj ∈ R is the distance
between the fruit and the trunk-branch union point, as shown
in Figure 3d. By doing this and taking out the common factor
ẋa, the equivalent mass meq

Fj
of the fruit Fj is obtained as:

meq
Fj

= mFj

[
η2Ri

− 2ηRi
η′Ri

lFj
sin (βi) +

+l2Fj
η′Ri

2 [
sin2 (βi) + cos2 (βi) cos

2 (θi)
]]

. (20)

Hybrid
Force/Pose
Controller

OMAV

State
Estimator

Wrench
Estimator

Self-Induced
Oscillations
Controller

Pose
Command

Fig. 4. OMAV control scheme including the self-excited oscillation strategy
for controlled shaking of flexible systems using the force fx. We highlighted
in red the novel shaking controller, which we integrate in a state-of-the-art
Hybrid Force/Pose controller [11].

III. CONTROL AND ANALYSIS

We present here the different elements of the control
pipeline that allow our aerial robot to control the shaking of
a tree-like structure. For reference, the whole control system
is visible in Figure 4.

A. OMAV controller

To induce vibration with the robot, we rely on a hybrid
position/force controller that allows to apply forces in certain
directions, while stabilizing the position along the others. In
particular, we aim at controlling the tree oscillations in the
forward direction (in our case the x direction of the FB frame).
As in [11], we define an hybrid force/pose controller as:

τc = Λτf + (I−Λ) τp + c (Bω) + g (WRB) , (21)

where Λ ∈ R6×6 is a diagonal and binary selection matrix
with an element one or zero depending if we enable the force
τf or position τp control action on the respective axis. The rest
of the command compensates Coriolis and gravity wrenches.

1) Pose control: For the pose controller, we define the
geometric pose errors as

ep = WR⊤
B

(
Wp− Wpref

)
, (22a)

eR=
1

2
vec

(
WRref,T

B WRB − WR⊤
BWRref

B

)
, (22b)

with Wpref and WRref
B the reference position and orientation,

respectively, and vec (∗) the operator to extract a vector from
a skew-symmetric matrix. We adopt a PD control action as

τp = KP ẽ−KDBv, (23)

with KD,KP ∈ R6×6 positive definite gain matrices and
ẽ =

[
e⊤p e⊤R

]⊤
the stacked pose error vector. Also, since we do

not provide velocity references to the controller (only poses),
the damping term multiplies only the current system’s velocity,
and not the velocity error.

2) Force control: For the force controller, we define the
force error as

ef = τ̂ext − τ ref , (24)

where τ ref ∈ R6 is the desired reference wrench. Then we
define a PI controller as

τf = KFef +KI

∫
efdt− τ ref , (25)
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with KF ,KI ∈ R6×6 positive definite gain matrices. In
practice, as we only need forces in the forward direction to
oscillate the tree, the reference force vector will only have the
first element non-zero τ ref =

[
f ref
x 0⊤

5

]⊤
, where 05 ∈ R5 is

a vector of zeros of dimension 5.

B. Self-Excited Oscillation Controller

For inducing vibrations into the tree, we use a self-excited
oscillation strategy [30]. This feedback control force would
generate self-excited oscillations at the natural frequency of
the system [40]. Self-excited vibrations in a mechanical system
are fundamentally attributed to the presence of an inherent
state-dependent force, i.e., the forcing function is a function
of the displacement, velocity, or acceleration of the system. In
our case, this force is the UAV force applied to the tree, and
its reference depends on the velocity of the contact point as
follows:

fref
x (t) = kcsgn(ẋa(t)), (26)

where kc ∈ R is the self-excited control gain and sgn is
the signum function. As a result, a new dynamic equilibrium,
called limit cycle, is attained, and the system tree-UAV system
continues to vibrate autonomously. As shown in [40], using
this control law with kc > 0 into the system (3), the system
exhibits stable vibrations with:

xa(t) = R cos(ωT t) with R =
4kc

πceqωT
, ωT =

√
keq

meq
, (27)

where ωT ∈ R is the oscillation frequency of the vibration,
and it is equal to the natural frequency of the system (3). The
amplitude of oscillation R can be controlled by regulating
the control gain kc. Therefore, to induce vibrations in the
tree at its natural frequency, the UAV will have the reference
force presented in Equation (26). Finally, Figure 4 shows the
complete control scheme of the OMAV, including the relay-
feedback control force, where we consider that the vibration
is induced in the forward direction of the aerial platform.
This controlled shaking scheme does not require any addi-
tional information about what is being manipulated, only the
velocity and interaction force, which are easily estimable or
measurable. This allows it to be used with any flexible system,
such as trees or branches. This control scheme combines the
pose controller of (23) for tracking the position and attitude of
the platform and the force controller of (25), whose reference
is modified based on (26).

C. Interaction Model

The self-excited vibration strategy presented before would
induce oscillations into tree at its natural frequency, which can
be obtained using Equation (27), as shown above. In addition,
the presented strategy assumes that the force applied to the tree
by the UAV fx (t) can instantaneously change its direction,
as the function sgn is used. However, the UAV has non-
negligible dynamics, which do not allow the force to change
instantaneously. For this reason, the frequency of vibration
might be different from the natural frequency of the tree and
from the one estimated by (27).

To improve our estimation of the tree-UAV interaction, it
is necessary to analyze the translation dynamics of the UAV
in the X direction. According to the dynamics in (1), the
translation dynamics in X are:

mU ẍU = fTree
x + fprop

x → fx = fprop
x −mU ẍU , (28)

where mU ∈ R is the UAV mass, ẍU is the X-acceleration of
the UAV, fTree

x the force applied by the tree into the UAV and
fprop
x the control wrench generated by the propellers in the X-

direction. Applying the action-reaction principle fTree
x = −fx

and considering that the ẍU = ẍa as the UAV graps the tree
at the contact point a, the dynamic equation of the tree (3)
with the UAV remains:

(meq +mU )ẍa + ceqẋa + keqxa = fprop
x . (29)

For having a more precise interaction model, we assume that
the desired interaction force fref

x in (26) is the actuated
force fprop

x . This is a valid assumption since the actuated
force fprop

x has a much faster dynamics than the transla-
tional one. Therefore, Equation (29) in combination with
fprop
x = kcsgn(ẋa(t)), conforms our tree-UAV interaction

model with the self-excited oscillation strategy. This results
in the following motion for the contact point a:

xa(t) = R cos(ωUT t) with (30a)

R =
4kc

πceqωUT
and ωUT =

√
keq

meq +mU
, (30b)

which now considers the translation dynamics of the UAV
through the UAV mass mU .

D. Performance Analysis

Finally, this section analyzes the controlled shaking of the
tree using the tree-UAV interaction model and the self-excited
oscillation strategy. Two main elements are observed during
the task executions: the tree oscillation frequency obtained and
its amplitude at the tree’s tip. In particular, their dependence
with the grasping point a and with the self-excited control gain
kc are evaluated.

1) Oscillation frequency: The oscillation frequency can be
computed developing the expression (30b):

ωUT =

√√√√ keqT

meq
T +

∑NB

i=1 m
eq
Bi

+
∑NF

j=1 m
eq
Fj

+mU

, (31)

where the equivalent parameters can be computed using the
expressions presented in Section II-C. This expression shows
that the oscillation frequency only depends on the grasping
point a, and not the control gain kc.

Analyzing the behavior of this expression with respect to the
grasping point a, we can establish that as the grasping point
moves to higher values, the oscillation frequency decreases.
This can be explained analyzing the trunk stiffness depending
on the grasping point a. As (13) shows, the trunk has a higher
stiffness in the lower part. For this reason, the trunk can
counteract the UAV force sooner than in the higher part of
the trunk, as it needs a lower displacement. Hence, we obtain
higher oscillation frequencies in the lower part of the trunk.
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Fig. 5. Bamboo tree built for experiments, consisting of a trunk and two branches. The different grasping points are marked with red circles in both pictures.
Configuration 1: the UAV applies the force perpendicular to the plane of the tree. Configuration 2: the UAV applies the force in the same plane of the tree.

2) Oscillation amplitude at the tree tip: As presented in
Section III-C, the oscillation of the grasping point is given by
(30). The movement of the tree tip xTip(t) can be computed
using (8) with ζ = lT . Doing that, xTip(t) = xa(t)η(lT ),
where η(lT ) can be computed using (11). The expres-
sion of R can be computed using the equivalent damping
ceq as a function of the damping ratio ζeq ∈ R, with
ceq = 2meqζeqωT , where meq is the equivalent mass of the
tree and ωT =

√
keq/meq is the natural frequency of the

tree without considering the UAV 4. Using this relation, the
amplitude of the oscillation at the tree tip XTip is:

XTip =
2η(lT )kc

πmeqζeqωTωUT
=

2η(lT )kc
πζeqkeq

√
1 +

mU

meq
, (32)

where the damping ratio ζeq can be identified experimentally.
Analysing this expression, we can establish that the oscil-

lation amplitude XTip increases linearly with the control gain
kc, as they have a linear dependence. In addition, the oscil-
lation amplitude XTip increases for higher grasping points a,
as it has an inverse relation with keq. This curve trend can
be explained analyzing the trunk stiffness. As Equation (13)
establishes, the trunk stiffness decreases as the grasping point
a moves upward. Hence, for a given control gain kc, the trunk
will suffer higher oscillations in the higher part of the trunk
than in the lower part.

Finally, using also the conclusions from the oscillation
frequency, we can establish that if we are interested in having
high frequency movements the UAV has to interact with the
tree in the low part of the trunk, whereas if we are interested in
achieving high amplitude movements the UAV has to interact
with the tree in the high part of the trunk.

IV. RESULTS

A. Description of the experiments

The aerial platform presented in Section II-A has been used
for the experiments. Also, in order to validate the tree model
presented in Section II-C, a tree composed of bamboo canes

4We do not consider here the UAV as the damping ratio has been identify
experimentally for the tree without UAV

has been built. Notice that instead of using a real tree, we
construct one ourselves, allowing for better control over its
parameters and enabling us to properly validate our model.
The tree is composed of a trunk and two branches, both made
of bamboo, as shown in Figure 5. The tree also includes two
apples as fruits at the branches. To make the union between
the branches and the trunk, we used 3D printed pieces. We
also use a motion capture system as an external positioning
system to obtain ground truth positions of the tree and the
aerial robot.

During the experiments, the UAV grasps the tree trunk
at different points. In total, four different grasping points
have been used, as shown in Figure 5. These points are
a1 = 0.25 m, a2 = 0.4 m, a3 = 0.75 m and a4 = 1.00 m,
which correspond to the distance a from the base of the
tree, as marked in Figure 5. In addition, different values of
the gain kc (see (26)) are tested for each grasping point, to
obtain different oscillation amplitudes. For each value of kc,
we wait until the steady state is reached, in which the system
oscillates continuously. After capturing the data in the steady
state, the next kc value is selected. For each experiment, we
measured the the UAV’s position and velocity, the position
of the tip point of the trunk and the force applied to the
tree by the UAV. In addition, we consider two configurations
depending on the orientation of the UAV force with respect
to the tree. In the Configuration 1, the force is perpendicular
to the plane containing the tree, and in the Configuration 2,
the force is coplanar to it. Figure 5 shows both configurations.
This allows changing the dynamics of the system, by changing
the equivalent mass of the branches and fruits, as shown in
Section II-C. Each configuration is parameterized with the θi
angle associated with each branch. For configuration 1 it was
possible to perform the experiments at all the grasping points.
However, for configuration 2, it was only possible to perform
the experiments at a1 and a4, since at a2 and a3 the UAV
does not have much clearance and hits the branch.

Figure 6 shows an example of the experimental data ac-
quired during an experiment. In this case, the aerial robot
interact with the tree thought the grasping point a4 and
in the configuration 1. This figure shows how the system
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reaches, after a transient, a new equilibrium when changing
from kc = 0.2 N to kc = 0.3 N. It also shows as the
interaction force fx has a sinusoidal behaviour, while the
wrench commanded to the propellers fprop

x changes faster due
to the force reference fref

x changes.

Fig. 6. Results of the experiment in the grasping point a4 and with
configuration 1, during a change of the control gain kc. The upper figure
represents the force reference fref

x , the estimated interaction force fx and
the wrench commanded to the propellers in the interaction direction fprop

x .
The lower figure represents the displacement of the UAV xa and its velocity
ẋa in the interaction direction X.

Furthermore, Figure 7 shows amplitude spectrum of xa(t)
during the experiment at the rasping point a4, in configuration
1 and with control gain kc = 0.2 N. The spectrum shows that
the system is oscillating with only one mode of vibration, as
most of the amplitude is concentrated in a specific frequency
(ω = 4.714 rad s−1) which validates Assumption 1.

Fig. 7. Amplitude spectrum of xa(t) during the experiment at the rasping
point a4, in configuration 1 and with control gain kc = 0.2 N.

To precisely estimate the behavior of the closed-loop system
with the proposed controller, we should know the true value
of the parameters in the proposed model. Table I shows the
experimental values of the parameters needed for the proposed
model, where the damping ratio ζeq has been identified
experimentally with the logarithmic decrement method [41].
In the case that no parameter is known, it can be estimated
using any of the existing techniques: morphology identification
of trees [36], [37], position estimation of apples [42], [43] or
mechanical properties database [44], [45]. However, in this
work we suppose that all the parameters are known and the
parameter estimation is out of scope.

TABLE I
PARAMETERS NEEDED FOR THE MODEL

Parameter Value

UAV mass, mU 2.5 kg

Grasping points, a [0.25, 0.4, 0.75, 1.00] m

Trunk length, lT 2 m

Trunk density, ρT 0.13 kgm−1

Branch densities, ρB1
, ρB2

ρB1
= ρB2

= 0.11 kgm−1

Trunk flexural rigidity, EI 31.58 Nm2

Branch lengths, lB1
, lB2

lB1
= lB2

= 2 m

Branch-Trunk unions, r1, r2 r1 = r2 = 0.5 m

Branch angles βi, β1, β2 β1 = 10◦, β2 = 170◦

Branch angles in Conf. 1, θC1
1 , θC1

2 θC1
1 = 90◦, θC1

2 = −90◦

Branch angles in Conf. 2, θC2
1 , θC2

2 θC2
1 = 0◦, θC2

2 = 180◦

Fruit masses, mF1
, mF2

mF1
= 0.13 kg, mF2

= 0.12 kg

Fruit position, lF1 , lF2 lF1 = 0.45 m, lF2 = 1.3 m

Damping ratio, ζeq 0.098

B. Experimental Validation

This section compares the experimental results with the
predictions obtained using the proposed model and the self-
excited oscillation strategy, presented in Section III-D.

1) Oscillation frequency: The oscillation frequencies for
each control gain kc and for the different configurations and
grasping points are represented in Figure 8 with markers
of different colors. As we can see, the achieved oscillation
frequency is independent of the control gain for a given
grasping point and configuration, confirming the theoretical
analysis of Section III-D. In addition, we represented in Figure
8 the mean value of the obtained frequencies. These mean
values are compared with the theoretical values obtained with
Equation (31), as shown in Figure 9. This curve shows that the
proposed model properly estimates the oscillation frequency
for a given grasping point and an orientation with respect to
the tree, represented in the branch angles θi. In addition, the
curve trend shows as the oscillation frequency decreases when
the UAV interacts with the tree at higher grasping points. This
result validates the theoretical analysis done in Section III-D.
Therefore, in order to achieve high-frequency oscillations, the
UAV has to interact with the tree in the lower part of the trunk.

TABLE II
ESTIMATION ERROR FOR THE DIFFERENT CONFIGURATIONS.

Mag. Conf. Error a1 a2 a3 a4

ω

1
eAbs [rad s−1] 0.66 1.15 0.86 0.49
eRel [%] 3.61 8.02 12.87 9.94

2
eAbs [rad s−1] 1.10 - - 0.22
eRel [%] 8.26 - - 5.01

XTip

kc

1
eAbs [mmN−1] 2.00 0.92 3.55 13.70
eRel [%] 24.29 5.69 4.27 8.39

2
eAbs [mmN−1] 1.25 - - 4.40
eRel [%] 26.34 - - 3.82

Finally, Table II summarizes the absolute estimation er-
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Fig. 8. Oscillation frequency of the tree ω obtained with different control
gains kc, for the four grasping points a and both configurations. The markers
represent the experimental results, while the dashed lines represent the mean
value of the experimental data.
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0
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Fig. 9. Oscillation frequency ω for different grasping points a. The proposed
model (see Equation (31)) are represented with a blue line for configuration 1
and with a red line for configuration 2, while the markers represent the mean
value of the experimental data, represented in Figure 8

ror eAbs and the relative estimation error eRel obtained
during the experiments for the different grasping points.
For a given magnitude f in a specific grasping point
a, these errors are computed as eAbs(f) = |fEst − fExp|
and eRel(f) = 100|fEst − fExp|/fExp, where fEst is the
estimated value of f for the grasping point a and
fExp =

∑N
i=0 fExp,ki

/N is the average value of f for the dif-
ferent control gains ki ∈ {k1, k2, ..., kN} in the experiments.
Note that the estimation of f does not depend on the control
gain kc, as it is the case with the oscillation frequency ω
and the ratio XTip/kc. This table shows that the proposed
model can estimate the oscillation frequency properly, with
errors as low as 3.61%. The higher errors in the estimation can
be produced by parameter errors (damping, lengths, densities,
etc.), by neglected higher vibration modes that could be also
slightly excited during the experiments and/or the difference
between the force reference fref

x and the actuated one fprop
x .

2) Oscillation amplitude at the tree tip: The oscillation
amplitudes at the tree tip for each control gain kc and for the
different configurations and grasping points are represented in

Fig. 10. Oscillation amplitude at the tree’s tip XTip obtained with different
control gains kc, for the four grasping points a and both configurations. The
markers represent the experimental results, while the dashed lines represents
the interpolation line of the experimental data.

0 0.2 0.4 0.6 0.8 1
0

0.05

0.1

0.15

0.2

Fig. 11. Ratio XTip/kc for different grasping points a. The proposed model
(see Equation (32)) is represented in a blue line, while the markers represent
the slope of the linear interpolation of the experimental data, represented in
Figure 10.

Figure 10 with markers of different colors. As we can see, in
all cases the oscillation amplitude increases with the control
gain, as the model predicts. In addition, our model establishes
a linear relation between the control gain and the oscillation
amplitude (see Equation (32)). Therefore we use a linear
regressor to interpolate the data sets. The linear regressions
are represented with dashed lines in Figure 10.

In addition, we compare the experimental results with the
estimations of our model. In order to do that, we represent
the linear regression slope obtained from the experimental
results with the estimations of the oscillation amplitude for
the different grasping points, as presented in Figure 11. This
ratio XTip/kc, expressed in units of mN−1, can be understood
as the mechanical admittance of the tree for a given grasping
point a, as it represents the amplitude of deformation given a
force (control gain). The curve trend shows that the oscillation
amplitude grows not only with the control gain kc, but also
with the grasping point a, validating the theoretical analysis
of Section III-D.

In the same way as before, Table II includes the absolute
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error and relative error obtained with the proposed model
for each grasping point. The table shows that our model can
predict the oscillation amplitude with errors as low as 3.82%.
Similar to the frequency estimations, the higher error can be
produced by parameter errors, higher vibration modes slightly
excited or difference between fref

x and fprop
x .

Finally, the experimental results confirm the theoretical
analysis performed in Section III-D, which established that
high frequencies are achieved interacting with the lower part of
the tree trunk while high oscillation amplitudes are obtaining
interacting with the higher part of the tree.

V. CONCLUSION

This paper presents the use of an aerial manipulator to
controlled shake of trees, which can contribute in the future
as a new method of fruit harvesting or the assessment of tree
parameter for health monitoring. First, the paper has presented
a 1 DoF dynamic model of a tree composed of a trunk,
branches and fruits. The proposed model is based on the
Rayleigh–Ritz method, which allows to make predictions on
the tree-UAV behavior during the interaction. Then, this work
has incorporated a self-induced oscillation strategy into the
UAV controller, which guarantees the oscillation of the tree-
UAV system at its natural frequency. Combining both, the tree
model with the self-induced oscillation strategy, the resulting
interaction model can estimate the oscillation frequency and
the oscillation amplitude during the tree-UAV interaction and
depending on the grasping point. This theoretical study helps
in deriving useful information on how to interact with a tree
according to the goal (high movements of the tree, high
frequency movements, ...) of the task to be performed. The
controlled shaking scheme and the proposed model have been
evaluated with indoor flights, where the UAV controlled shakes
a built tree of bamboo. The results show how the proposed
model can properly estimate the oscillation frequency and
oscillation amplitude of the tree tip with errors as low as 3.82%
and 3.61% respectively.

Future works include the implementation of the proposed
controlled shaking scheme in outdoors scenarios and with real
trees. We will combine this with various estimation strategies
to identify the parameters required for model estimations.
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