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How to Shake Trees With Aerial Manipulators?
A Theoretical and Experimental Study
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Abstract— Aerial manipulators are advancing beyond tra-
ditional inspection roles to enable complex interactions with
flexible structures. Applications such as structural health mon-
itoring, and especially agricultural tasks like fruit harvest-
ing or environmental monitoring, require inducing controlled
vibrations into flexible elements. However, current solutions
for controlled shaking of trees with aerial manipulators are
limited to push and pull forces applied through translational
movements, without exploiting the fully-capabilities of aerial
platforms. This paper introduces a controlled shaking strategy
that enables interaction with trees using both linear movements
generated by forces (translation strategy) and rotational move-
ments generated by torques (rotation strategy) thus exploiting
the different interaction capabilities of the platform. These
two strategies open a previously unexplored question: which
strategy is more effective given a specific interaction point? To
address this, the two interaction strategies are integrated with
the Rayligh-Ritz model of the tree, obtaining the closed-loop
dynamics of the system during the vibration. These closed-loop
dynamics are then analyzed for the two shaking strategies,
deriving which one is better for achieving higher oscillation
amplitudes or frequencies. This analysis shows that, for a
given interaction point of the tree trunk, this decision depends
only on the platform’s physical characteristics, such as mass
and inertia. Finally, the theoretical analysis is experimentally
validated with a hand-made bamboo tree and a fully-actuated
platform through indoors flights.

[. INTRODUCTION

In recent years, aerial manipulators [1] have expanded
their range of tasks from the inspection of oil and gas
refineries [2] to direct interaction with flexible elements [3].
However, new tasks, such as canopy sampling [4], introduce
additional challenges arising from the interaction between
the aerial platform and deformable structures.

In the field of agriculture and environmental science, aerial
manipulators offer unique advantages. Compared to ground-
based robots, aerial manipulators can access hard-to-reach
areas and operate over uneven terrains commonly found
in mountainous or forested environments. In addition, they
can reach high-altitude branches and fruits that are often
inaccessible or inefficient to harvest using ground robots.
Therefore, aerial manipulators present a promising solution
for tasks such as fruit harvesting, canopy sampling, or preci-
sion agriculture operations in complex natural environments.

Beyond physical access, several agricultural applications
specifically require the ability to induce vibrations in trees or
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Fig. 1. Aerial manipulator shaking a tree. Left: shaking with translations.
Right: shaking with yaw rotations. The white lines represent the tree at the
previous time instant, illustrating the deformation over time, while the red
arrows shows the taken control actions to shake de tree.

branches. An example is the shake-and-catch method [5], one
of the most used techniques for mechanical fruit harvesting.
In this approach, vibrations are introduced into the tree by
a mechanical shaker [6], which generates sufficient force
to detach the fruit by breaking the stem-fruit interface.
Similarly, tree vibration is also essential for structural health
monitoring and the estimation of biomechanical parame-
ters. Methods used to identify properties (natural frequency,
damping ratio, or stiffness) require excitation of the tree
[7]. These parameters are indicators of a tree’s condition
and can reveal structural damage or degradation over time
when changes are detected [8]. However, both harvesting
and monitoring tasks currently rely on ground-based shakers,
often requiring human presence, which limits scalability and
access in difficult terrain. In this context, aerial manipulators
offer an alternative for enabling shaking tasks in hard-to-
reach areas and in a remote way. In addition, their use as
shaking tools enables novel applications, such as environ-
mental DNA (eDNA) sampling [9], where the aerial robot
shakes branches to release biological material that can then
be collected by ground robots.

In particular, in our last work [10] we presented a control
framework for shaking trees with aerial manipulators. The
proposed shaking controller interacts with the tree through
pull and push forces generated by translational movement,
achieving oscillations at the system’s natural frequency.
Additionally, we developed a tree model based on the
Rayleigh-Ritz method. By combining this model with the
proposed controller, we obtained the vibration frequency and
amplitude of the UAV-tree system, which depend on the
interaction point and the mass of the platform. Based on
this analysis, we identified optimal interaction points on the
tree trunk to achieve either high oscillation frequencies or
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large oscillation amplitudes.

However, the shaking controller presented in that work
is limited to interactions through displacements along one
direction only, without exploiting other types of interaction
that a fully-actuated platform could offer. Since the strategy
is restricted to translational movements, the mass of the
UAV influences the closed-loop oscillation amplitudes and
frequencies. For other types of movements, the UAV could
differently influence the closed-loop behavior. For example,
if the UAV interacts through rotational movements, its rota-
tional inertia would affect the closed-loop behavior instead
of its mass. However, in that study, the oscillation strategy
was fixed and not a decision variable. Consequently, the
analysis performed was limited to selecting the interaction
point on the tree trunk without considering in this decision
the different actuation capabilities that the aerial platform
can offer.

A. Contributions and Novelties

In this work, we take into account the characteristics of the
aerial platform, such as mass and inertia, to inform the se-
lection of the shaking strategy. The approach in our previous
work focused on selecting the interaction point on the tree
trunk for the shaking task, assuming that the platform could
access all points on the trunk. However, in real trees, which
are full of branches, only one or a few points on the trunk
are accessible, and therefore, it is sometimes not possible to
choose the interaction point. The approach in this work fo-
cuses on selecting the interaction strategy with the tree, given
a specific interaction point. The two interaction strategies
are translation strategy and the rotation strategy. While the
translation strategy excites the tree through linear movements
of the aerial robot that generate pull-and-push forces at the
contact point, the rotation strategy induces oscillations by
applying torque through yaw rotations of the aerial robot.
In summary, this work addresses the following question:
For a given interaction point on the tree trunk, is it better
to interact through the translation strategy or the rotation
strategy? This decision is important because each strategy
leads to different closed-loop dynamics. In the translation
strategy, the UAV’s mass influences the system behavior,
whereas in the rotation strategy, its rotational inertia becomes
dominant. These differences affect the oscillation amplitude
and frequency of the tree achieved during the closed-loop in-
teraction, directly impacting the effectiveness of the shaking
process. Although the approach of this work can be applied
to the controlled shaking of any flexible system, in this work
we focus on tree shaking as a representative application,
particularly relevant in agricultural and environmental tasks.

To do so, we extend the shaking controller to interact
with different types of movements, not just through trans-
lational displacements achieved by the translation strategy
(see Fig. 1-left). Specifically, we expand the controller to
interact through yaw rotations using a rotation strategy, as
shown in Fig. 1-right. This new type of interaction modifies
the achieved closed-loop oscillations, as the UAV’s inertia
now plays a role in the dynamics of the interaction. These

characteristics are now taken into account when selecting
the interaction strategy to achieve high frequencies or large
oscillation amplitudes. Summarizing, the main novelties of
this paper with respect to our previous work [10] are the
following:

o Generalization of the shaking controller to consider in-
teractions through translation or rotational movements.

o Theoretical analysis and experimental validation of the
two interaction strategies.

This new approach brings us closer to the practical use of
aerial manipulators for fruit collection through tree shaking,
as it allows us to analyze the interaction with the tree based
on the platform’s characteristics. The analysis now focuses
on a specific point, possibly the only accessible one on the
tree.

The remainder of the paper is organized as follows. Sec. 11
presents the models of the aerial manipulator and the tree,
while Sec. III outlines the complete control framework used
for shaking trees. Then, by integrating the tree and UAV
models with the control framework, Sec. IV analyzes in de-
tail the closed-loop dynamics achieved during the UAV-tree
interaction, and it presents the advantages and disadvantages
of the two shaking strategies. This analysis is compared with
the experimental results in Sec. V. Finally, the conclusions
of this work are summarized in Sec. VI.

II. SYSTEM MODELING
A. Aerial Platform Model

To model the aerial platform, we define a world frame,
represented as Fyy, with its origin at Ow and axes xvy,
yw, and zw. We also define a body frame Fp located at the
center of mass Op of the aerial platform, with axes xp, yB,
and zp.

The position and orientation of the platform with respect to
Fw are given by pp = [7,7,2]" € R? and WRp € SO(3),
respectively. Based on these, we define the linear velocity
pp € R3 and angular velocity wg € R3 expressed in Fg,
which are combined to form the system’s twist, vg € RS,
Additionally, we assume the platform has fully-actuated
capabilities, so it can generate a complete control wrench
7. € RC. With this, the Lagrangian model of the aerial
platform is:

Mgvg + ¢ (wg) + g (VRB) = Tc + Text, (D

where Mp € R®%6 represents the constant inertia matrix
in the body frame, c(wp) € RS is the Coriolis force
vector, g (WRB) € RS denotes the gravitational wrench,
and Tex, € RY is the external wrench exerted on the system
due to interactions with the environment. Fig. 2-a shows the
aerial platform with the needed frames while interacting with
a tree.

B. Tree Model

To model the tree, we use a reference frame denoted as
Fr, with its origin Ot located at the base of the tree. The
axes of this frame are xT, yT, and zp, where zt points in
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the direction opposite to gravity, while x is aligned with
the direction of the tree movement, generated by the UAV
interaction, and defines an angle & with xyw. Note that the
frame orientation depends on the shaking direction.

To model the dynamic behavior of trees, three primary
approaches are commonly employed [11]: (¢) the lumped-
mass method, (i7) the beam with distributed mass model, and
(721) the finite element method (FEM). Among these, FEM
offers the highest accuracy and modeling flexibility; however,
it necessitates computational analysis due to the complexity
of the calculations involved. The beam with distributed
mass approach represents the trunk as a continuous beam
with distributed mass. While the system’s response can be
derived by solving the associated partial differential equa-
tions, analytical solutions are only attainable in simplified
cases. Lastly, the lumped-mass method reduces the system
to a discrete model, typically represented as a 1DoF mass-
spring-damper system, providing a simplified yet insightful
approximation.

In our case, the dynamic model is derived using the
Rayleigh-Ritz method, which allows the continuous system
to be modeled as a 1-DoF system, similarly to the lumped-
mass method. Although FEM would allow for the inclusion
of complex effects such as fruit-branch dynamics or wind
interaction, this 1-DoF representation is particularly conve-
nient for analytical analysis, offering an efficient alternative
compared to more complex methods such as FEM or the
distributed mass beam model. Moreover, unlike the lumped-
mass approach, the Rayleigh-Ritz method enables the in-
teraction point to be incorporated into the formulation by
adjusting the equivalent parameters of the resulting model.

In the following, we present the 1DoF model of the tree
(Sec. II-B.1). Based on this, we derive the tree’s kinematics
(Sec. II-B.2), which are needed to compute the displacement,
velocity, and acceleration at any point on the tree.

1) IDoF Mass-Spring-Damper Model: The tree is com-
posed of three main elements: the trunk, the ng € N
branches connected to the trunk, and the ny € N fruits. The
trunk is modeled as a flexible element, while the branches
are treated as rigid elements, and the fruits are considered
as point masses. For simplicity, we assume that the trunk
is in a vertical position with a total length I € R™, while
the branches are modeled as straight elements connected to
the trunk. Note that this simplification does not limit our
approach, as more complex geometries can be considered by
introducing their parametrized curves in the computation of
the equivalent mass, as shown in our previous work [10]. To
avoid over-extension of the current model, readers can refer
to our previous work for a more detailed treatment of these
more complex shapes. The main parameters of the trunk are
its linear density pr € RT, Young’s modulus £ € RT,
and its cross-sectional moment of inertia / € RT, needed
in the dynamic model. Each branch B; has a linear density
pB; € RT with a total length of i[5, € RT, and is embedded
in the trunk at height zp, € RT from the ground. Each
branch forms an angle g, € R with the ground plane xtyT,
while its projection onto the movement plane xtyT defines
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Fig. 2. a) Aerial manipulator physically interacting with a tree, including
frames and magnitudes. Two shaking tools can be used: one for yawing
interactions and another for translational interactions. b) Symmetric tree
(top) and asymmetric tree (bottom). Note that even if the tree is asymmetric,
it does not severely affect the symmetry, as Eq. (2) can still represent a tree
branch.

an angle 0p, € R relative to x. Each fruit F} has a mass
mpg; € R and is located on the branch B; at a distance
l F; € R+ along the branch. This modeling framework of
trunk, branches and fruits enables the computation of the
equivalent mass, stiffness, and damping parameters of the
system required in the 1DoF model. Fig. 2-a illustrates the
tree with all these geometric characteristics.

The selected degree of freedom is the displacement
z.(t) € R of the contact point through which the UAV
interacts with the tree. This point is positioned at a height
2. € R™ along the trunk, as shown in Fig. 2-a. Although the
model assumes interaction through the trunk, it can also be
applied at the branch level if the trunk is sufficiently rigid
and can be considered a fixed base. This allows the use of our
work even when aerial manipulators lack the force to shake
the trunk directly, by instead targeting individual branches.
With all this, the dynamic model remains:

meqic(t) + Ceqj?c(t) + keqxc(t) = f‘cgiee(t)? 2

where fZ..(t) € R is the force applied by the UAV onto
the tree trunk in the xr direction, and m®? € RT, ¢®? € R*
and k®*4 € RT represent the equivalent mass, equivalent
damping, and equivalent stiffness of the tree, respectively.
These equivalent parameters depend on the characteristics
of the trunk, branches, and fruits. The calculations for
determining these parameters are thoroughly detailed in our
prior work [10].

2) Tree Kinematics: The Rayleigh-Ritz method allows for
calculating the position pr()\) € R? of any point along the
trunk using a shape function n(\) € R, where A € [0,l7]
parametrizes the position along the length of the tree. This
shape function represents the shape of the first vibration
mode of the flexible trunk, and it is presented in [10]. Using
this, pr () remains:

pr(A) = zen(A)xT + Az, 3)
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which shows that the motion occurs in the xtzt plane.
Considering this, the position pp,(zp,, 1) of any point p €
[0,{p,] of a branch B; is computed as:

p5,(25,, 1) = Pr(zB,) + pup, + zen, yr X pugp,, 4)

where 7/, 5, = ag()\)‘) | A=z, accounts for the rotation of the

trunk section at the junction with branch B; due to trunk
deformation, and up, € R? is the unit direction vector along
branch B;. The displacement of any point on the branch B;
is expressed as App, = pp, — P%,. Where p}; is obtained
by evaluating Eq. (4) without trunk deformation n(\) = 0,
VA € [0,1r]. This results in the following expression:

Apg, (2B, 1) = e (n(ZBi)XT + 1, YT X MUBf,), (5)

tTree
where the term tt... depends only on the tree geometry.
Moreover, by derivation of Eq. (4) we obtain the velocity
and acceleration of any point of the tree as:

f)Bi (ZBq', 5 ,UJ) = fbctTree and pBZ (ZB“ ,u) = ictTree- (6)

These expressions show that the displacement, velocity, and
acceleration of any point on the tree are proportional to
those at the contact point. Finally, the position pg;, velocity
Pr; and acceleration P, of the fruit F; in branch B; are
computed using Eq. (4) and Eq. (6) with p = [F,.

III. CONTROL

The aerial manipulator control framework for shaking trees
is based on a hybrid pose/shaking controller. Fig. 3 gives an
overview of the control framework.

The hybrid pose/shaking controller allows shaking in
specific directions while maintaining stable positioning in
the other directions [12]. The hybrid pose/shaking controller
is:

Te=A1;+ (I —A)7), +c(wn) +g(WRB) ;o (D

where A = diag (A) € R6%6 is a diagonal, binary selection
matrix where each element of the selection vector A € RS
is either one or zero, indicating whether shaking control 7
or position control 7, is enabled for each respective axis.
This matrix allows for selecting the shake direction of the
UAV. The remaining terms compensate Coriolis and gravity
wrenches.

A. Pose Controller

The pose controller implements a PD control strategy as:
7, = Kpé +Kpe, (8)

with Kp, Kp € R%%6 being positive definite gain matrices,
~ T s 2
e = [e; e%] € R® the stacked pose error vector, and €
its derivative. The position error e, and orientation error er

are computed as the following geometric errors:
e,= "Ry (P — pw), (9a)

1
er= 5 vec <WRgWRg’f — WRg’fTWRB) ,  (9b)
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with pief and WRS! representing the reference position and
orientation, pw the UAV position in Fw, and vec (x) the
operator used to extract a vector from a skew-symmetric
matrix.

B. Shaking Controller

To shake the tree, we employ a self-excited oscillation
strategy [13]. This feedback control force generates self-
excited oscillations at the system’s natural frequency [14].
The shaking controller works by applying a control wrench,
Ty, which always has the same sign as the velocity in the
shaking direction. In this way, the UAV continuously injects
energy into the tree, resulting in oscillatory movement. The
control law is:

Ty = kcsgn ()\TVB) A, (10)

where sgn is the signum function and the shaking control
gain k. € R* allows control over the amplitude of the
oscillatory motion. In this case, we assume that the UAV
shakes in only one direction, so the selection vector A
has only one nonzero element. This decoupled formulation
was intentionally chosen to enable independent validation
and analysis of each shaking strategy. A hybrid strategy
combining both modes is proposed as future work. Both
variables, the shaking control gain k. and the selection
vector A, are chosen by the user to interact with specific
forces/torques and through a specific strategy. Moreover, as
Eq. (10) shows, the control law does not require any prior
knowledge of the dynamics of the system being shaken; it
only depends on the platform velocity vg, which can be
easily estimated or measured using onboard sensors.

Note that the shaking controller in Eq. (10) can be applied
to any flexible system that needs to be driven into resonance,
and not only to trees. For example, it could be used to
excite a suspended payload or a swing into resonance [15],
to stimulate flexible structures such as beams or poles for
testing purposes [16]. Despite its broader applicability, this
work focuses exclusively on tree shaking.

IV. ANALYSIS OF CLOSED-LOOP DYNAMICS

This section analyzes the interaction between the aerial
manipulator and the tree using the hybrid pose-shaking
controller. First, we derive the closed-loop dynamics of the
complete system with two strategies: shaking interactions
through translations along xp, and shaking interactions
through yaw rotations about zp. Then, we analyze the
oscillations achieved in each scenario, including their fre-
quency, displacement, velocities, and accelerations. Although
this paper focuses on the controlled shaking of trees, the
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following analysis can also be applied to the controlled
shaking of other flexible elements, as long as their model
is represented by a mass-spring-damper system, similar to
Eq. (2).

A. Closed-Loop Dynamics

For deriving the closed-loop dynamics of the system
we introduce the hybrid pose-shaking controller Eq. (7) in
the UAV model Eq. (1). Doing this, the UAV closed-loop
dynamics is:

Mgvg = A1s + (I — A) 7 +Text, (11
—_—
Tpr
where T = [f5, fU [ T TS T5] T € RS s the control

wrench applied by the propellers for controlling the pose
or the shaking force. We consider that the pose controller
performs well in the specified directions, allowing the UAV
to reach the desired pose. In the following, we analyze the
two possible scenarios for the UAV’s interaction directions
with the tree.

Assumption 1. In the following analysis, although our
model [10] indicates that the equivalent parameters m®9,
c®4, and k°Y depend on the direction of shaking due to
the radial distribution of branches and fruits around the
trunk, we assume that these parameters are independent of
the direction of vibration. In practice, since the branches
and fruits of a tree are almost uniformly distributed around
the trunk (see Fig. 2-b), the equivalent parameters will be
effectively independent of the shaking direction parametrized
by 6.

Note that Assump. 1 does not limit the applicability of
our analysis but rather simplifies it. The analysis can be
extended to asymmetric trees by explicitly incorporating the
shaking direction J as a variable. However, such an extension
would result in expressions that are highly dependent on
the specific tree geometry, making it difficult to perform
a general analytical treatment. For this reason, we adopt
Assump. 1 to enable a more generic and tractable analysis.

1) Translation interactions along xp: In this case the
UAV pull and push the tree in xp, which is aligned with
xT . The closed-loop dynamics for the UAV in this direction
remains:

o 12)

ext?

mami = fo, +

where may € R™ is the aerial manipulator mass, and }fr
and fZ . are the forces applied by the propellers and the
external force suffered by the UAV in the xp direction,
respectively. As xr and xp are aligned, the movements
of the tree and the UAV along xt are the same xz(t) =
Z.(t). Furthermore, according to the principle of action and
reaction, the force exerted on the tree is fZ..(t) = —fZ.(1).

With this, the closed-loop dynamics is derived by introducing
Eq. (12) in Eq. (2), resulting in the following 1DoF equation:

(M + mant)ie(t) + ie(t) + k2 (t) = F2(2). (13)

Then, the wrench applied by the propellers 7, is a square
trajectory defined by the shaking controller (see Eq. (10)). As
A =[1,0,0,0,0,0]", the force generated by the propellers is
or = ke sgn(i.). Introducing this in Eq. (13), and solving
the differential equation using the averaging method [17], the
closed-loop results in z.(t) = X, cos (w,t), with:

4k* ke
X, = £ and wy, =4/ ——. (14)
W, med + mam

Here, k7 is the shaking control gain when interacting with
the tree through xp translations.

2) Rotation interactions along zg: In this case the UAV
interacts with the tree through yaw rotations, resulting in
a tree movement that aligns xt with yp. The closed-loop
dynamics of the UAV in this direction remains:

Lot =15 + 70, (15)

where ¢ € R is the yaw angle, I,, € R™T is the aerial
manipulator inertia around zp, and 7. and T;f(t are the
torques applied by the propellers and the external torque
suffered by the UAV around the zp direction, respectively. As
xT and yp are aligned, the movement of the tree coincides
with the motion in yp at the interaction point of the UAV tool
Ytool(t) = .(t). Furthermore, the movement at the tool tip is
related to the yaw through yto01(t) = 2.(t) = ()L, where
L € RT represents the distance from the center of mass
(CoM) to the interaction point. With this, and introducing
Eq. (15) in Eq. (2), the closed-loop dynamics remains:

eq IZZ . eq eq _ Tgr(t)
med + Iz Ze(t) + o (t) + k%2 (t) = T

where we have applied the action-reaction principle with
fe ()L = —7% (t). Similarly to the previous case, the
torque from the propellers follows the reference of the
shaking controller 7%, = k¥ sgn(v),as A = [0,0,0,0,0,1] 7.
Doing this, and as sgn (1)) = sgn (i), the closed-loop results
in an oscillatory motion z.(t) = Xy cos (wyt), with:

, (16)

4k kea

and Wy = m. (17)

Xypy=—=—
¥ mLc®wy,

Here, k¥ is the shaking control gain when interacting with
the tree through yaw rotations around zg.

B. Frequency

The oscillation frequencies are independent of the shaking
control gains, as shown in Eq. (14) and Eq. (17). To achieve
higher frequencies by xp translation than by 1) rotation
Wy > Wy, the following condition must be satisfied:

ko4 ke
med + I, /L2

Wy = Wy & (18)

>
med 4+ mam
This condition is satisfied when may < IZZ/Lz, which
depends only on the UAV itself, and not on the shaken
system. Therefore, depending on the aerial manipulator used,
it may be preferable to excite by translation or by rotation
to achieve higher oscillation frequencies. For instance, when
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the tree has a dense canopy that prevent entry into the tree,
a long arm of length L is required to interact with the trunk.
Furthermore, aerial platforms with mass highly concentrated
in the center result in low-inertia I,, designs. In such cases,
mam < I,/ L2 may not be satisfied, resulting in w;, < wy,.

C. Oscillation Amplitude

The oscillation amplitudes depend linearly on the shaking
gain, as shown in Eq. (14) and Eq. (17). To analyze the
possible shaking strategies independently of the control gain,
we first examine the case where the system is excited with
the same force f... Comparing Eq. (13) and Eq. (16), this
occurs when k*L = k¥. Considering this, to achieve higher
oscillation amplitudes by xp translation than by 1 rotation
X, > Xy, the following condition must be satisfied:

4k 4kY

mcw, — mLctwy

X, 2 Xy & S wy > Wy, (19)
where we have considered k%L = k¥. As shown in Sec. IV-
B, this condition is satisfied when man > 1o, /L2. There-
fore, similarly to the oscillation frequency, this condition
depends only on the chosen UAV and not on the shaken

system.

D. Velocity

As the resulting movement is an oscillatory movement,
the velocities are obtained as #.(t) = —wz.(t). To obtain
higher velocity amplitudes for xp translation compared to v
rotation X, z > Xw, the following condition must be satisfied:

4kFw, 4kY wy
mcw, — mLctwy

X, > X, & =s1>1, (20)
where we have considered k%L = k¥. In this case, there is no
difference between shaking the system through translation or

through rotation, as the velocity amplitudes will be the same.

E. Acceleration

The accelerations in oscillatory motion are expressed as
#o(t) = —w?x.(t). To achieve higher acceleration am-
plitudes for xp translation compared to 1 rotation, the
following condition must be satisfied:

4kZw? kY W?p

mcw, — mLctwy

X, 2)@,(:} S wy > wy, (21)
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where we have considered kL = kY. This condition is
satisfied when may < I, /LQ, and depends only on the
UAV.

FE Summary Comparison

Table I summarizes the conditions for achieving higher fre-
quency, displacement, velocity, and acceleration depending
on the shaking strategy. Furthermore, the relation between
each magnitude of each method can be expressed as:
wo g KXo 1 X

x XZL‘

Wy X’l/) 6’ Xw 17 and Xw /87 (22)
med + I,/ L?
med + mam
inverse relationship between high oscillation frequencies
and large displacements. For a given UAV a strategy that
achieves high frequencies results in lower displacements, and
vice versa. This helps in selecting the appropriate strategy
based on the task. For example, if the objective is a health
monitoring task, such as assessing trunk flexibility [18],
higher amplitudes are needed, whereas for fruit harvesting
[5], higher frequencies are preferred. Note that the selection
depends only on the platform parameters (mang, L, and
I,,) and does not require any information about the tree.
However, if one wants to estimate the exact closed-loop
amplitude and oscillation frequency before interacting with
the tree, knowledge of the tree parameters is necessary. These
parameters can be obtained using tree morphology identifica-
tion techniques [19], fruit position estimation methods [20],
or mechanical property databases [21].

where § = . These results indicate an

TABLE 1
SUMMARY COMPARISON WITH k¥ L = kf‘f
Magnitude xp Tran. zgp Rot.
Frequency wWe > wy if mam < IZZ/L2
Displacement X > Xy if mam > L, /L?
Velocity X, = Xd, always
Acceleration X > Xy if mam < I,/L?

V. EXPERIMENTAL VALIDATION
A. Description

For experimental validation, we used an Omnidirectional
Micro Aerial Vehicle (OMAV) [12]. This platform has

e,

‘;ﬁ. 3

E =

f(i;ase D with Translation Strategy

v . =

Rotation Tool

Translation Tool

| —

Al Case D with Rotation Strategy

Fig. 4.

Experimental setup with the bamboo tree consisting of a trunk and two branches. Case C, where z. = 1 m and § = 0°, for the two shaking

strategies. Case D, where z. = 1 m and 6 = 90°, for the two shaking strategies. The shaking tools are also included for each strategy.
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Fig. 5. Results of the interaction strategies. Top: results of the translational
interactions, with the achieved oscillations at the tree tip xTjp, (blue) and the
displacement of the robot x for shaking the tree (orange). Bottom: results
of the rotational interactions, with the achieved oscillations at the tree tip
Z7ip (blue) and the yaw movement of the robot 1) for shaking the tree
(orange).

mam = 2.5 kg and I, = 0.15 kgm?, with the interaction
tool installed at L = 0.50 m. We use two tools for interaction
through xp displacement and 1) rotations, as shown in Fig. 2-
a.

The tree used is a handmade bamboo tree composed of a
trunk, two branches, and two fruits, as shown in Fig. 4. This
setup enables precise control over the system parameters,
allowing us to evaluate the [ estimations and compare
them with the experimental results Sy, without introducing
significant parameter uncertainties. If a real tree is used for
validation, the required parameters can be obtained through
state-of-the-art methods, as indicated at the end of Sec. IV-F.

Due to the lack of numerous branches and fruits dis-
tributed uniformly around the trunk, this tree does not satisfy
Assump. 1. In this case, m®4,c®4, k*? depend not only on
the interaction point but also on the shaking direction J.
However, we exploit this possibility to have more validation
cases with different parameters, testing two shaking direc-
tions & for each interaction point. We perform experiments
by interacting with the tree at two distinct points z. and with
two different shaking directions ¢, resulting in four unique
cases. For each case, both strategies are compared under the
same shaking directions.

We compute the equivalent mass m°®? needed for the
estimations using z. and & of each case!. For each case
listed in Tab. II, we evaluate both interaction strategies using
different control gains k.. As done in Sec. IV, we interact
with the tree with the same force, as k. = k% = k¥ /L.
Fig. 4 shows cases C and D for the translation and rotation

strategies.
TABLE II

POSITION AND SHAKING DIRECTION OF THE EXPERIMENTAL CASES.

Case A B C D
Zc 025m | 025m | 1.00 m | 1.00 m
0 0.0° 90.0° 0.0° 90.0°

B. Shaking Controller Validation

First, we validate the proposed control framework inter-
acting with the tree through both strategies. Fig. 5 shows
the results when the UAV interacts with the tree under the
conditions of Case C, with a control gain of k. = 0.6 N. In
particular, Fig. 5 (left) shows the position of the UAV and
the tree tip for the translational strategy, which generates
vibrations through xp movement. Similarly, Fig. 5 (right)

!For further details on the computation of m®9, refer to [10].
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Fig. 6. Experimental results for the four cases. Circles represent the results
using the translation strategy, while triangles indicate the rotation strategy.
Blue markers correspond to the measured magnitudes at the tree tip, and
red markers to those at the fruit.

shows the yaw angle of the UAV and the position of the tree
tip for the rotational strategy, where rotational movements
also induce vibrations in the tree but now due to ) rotations.

C. Oscillatory Movement

After validating the control framework, we evaluate the
oscillatory movement achieved during the interaction, in
terms of frequency, amplitude displacement, velocity and
acceleration, as presented in Sec. IV. These magnitudes,
measured using a motion capture system, are compared
for the tree tip and for the fruit 1. The platform interacts
with the tree with three different control gains k. in each
case, and with both strategies. The experimental results are
summarized in Fig. 6.

As in the OMAV platform we have man > I,,/L? (B <
1), we expect wy, > wz, X; > Xy and Xw > XT, as
summarized in Tab. I. Comparing these magnitudes in Fig. 6
for each interaction point and across the different shaking
strategies, it can be observed that the theoretical estimations
are consistent with the experimental results. Specifically,
although Fig. 6 only presents experimental data, the linear
dependence of displacement, velocity, and acceleration on
the control gain k., as well as the independence of the
oscillation frequency from k., can be clearly observed.
These trends are in agreement with the analytical predictions
derived in Eq. (14) and Eq. (17).

To compare the experimental results, we compute the
estimated  parameter for each case. Using the parameters
and the tree model [10], the equivalent mass for each case
is m§! = 14.8 kg, my = 33.5 kg, m& = 0.42 kg,
and m%l = 1.45 kg. With this, the estimated 3 values are
Ba = 094, fp = 0.97, Bc = 0.59, and Sp = 0.72. We
compute the resulting ratio by dividing the translation results
by the rotation results. These ratios are shown in Fig. 7,
where the blue and red markers represent the experimental
results based on the measurements at the tip and at the fruit,
respectively. Furthermore, the stars indicate the theoretical
estimations computed using Eq. (22).

As shown in Fig. 7, for cases A and B, the ratio § ~ 1,
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Fig. 7. Theoretical and experimental comparison for the frequency,
amplitude, velocity and acceleration at the tip (blue) and fruit (red).

as the equivalent mass m®9 is significantly higher compared
to the characteristics of the UAV. In these cases, there is
little difference between interacting through translations or
rotations, and the results are very similar. However, when
the UAV interacts with the tree at the top points (cases
C and D), the equivalent mass m®? decreases, and the
UAV’s characteristics begin to play a more significant role.
Specifically, there are now notable differences in terms of
frequency, displacement and accelerations when using one
strategy or the other. Furthermore, the experimental results
show that our analysis accurately predicts the behavior of the
system for both shaking strategies. However, the estimations
based on measurements taken at the fruit exhibit greater
deviation compared to those taken at the tip. This can be
attributed to the fact that the fruit is not rigidly attached
to the branch, allowing other modes of vibration to emerge
during movement. Additionally, the deviation in the fruit-
based estimations is more pronounced in cases C and D,
where the displacements are higher, making these other
modes more noticeable.

VI. CONCLUSIONS

This paper presents an analysis of how to use aerial manip-
ulators for shaking trees, along with experimental validation.
To achieve this, we have extended our previous shaking
control framework to account for interactions through xp
translations and 1) rotations. The control framework is then
integrated with the tree model, yielding the closed-loop
dynamics. We analyze these closed-loop dynamics for each
control strategy, determining which one is better for achiev-
ing high amplitudes or high frequencies. One important
conclusion is that, for a given interaction point and force,
the decision depends solely on the mass and inertia of
the platform. Finally, the theoretical analysis is validated
with indoor experiments. The experiments show that when
interacting with the lower part of the trunk, the rotation and
translation strategies give approximately the same results.
However, when interacting with the upper part of the trunk,
noticeable differences appear between the two strategies in
terms of frequencies, amplitudes, and accelerations.

Future work includes implementing the proposed con-
trolled shaking scheme in outdoor scenarios with real trees,

where outdoors factors such as wind may be present. Ad-
ditionally, future efforts will focus on the development of a
hybrid shaking strategy that combines the translational and
rotational approaches.
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