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Abstract—The interaction of robots with bendable objects in
midair presents significant challenges in control, often resulting
in performance degradation and potential crashes, especially for
aerial robots due to their limited actuation capabilities and constant
need to remain airborne. This letter presents an adaptive controller
that enables two aerial vehicles to collaboratively follow a trajectory
while transporting a bendable object without relying on explicit
elasticity models. Our method allows on-the-fly adaptation to the
object’s unknown deformable properties, ensuring stability and
performance in trajectory-tracking tasks. We use Lyapunov anal-
ysis to demonstrate that our adaptive controller is asymptotically
stable. Our method is evaluated through hardware experiments in
various scenarios, demonstrating the capabilities of using multiro-
tor aerial vehicles to handle bendable objects.

Index Terms—Aerial systems: Mechanics and control, robust/ad-
aptive control, aerial systems: Applications.

I. INTRODUCTION

N RECENT years, multirotor aerial vehicles have rapidly
I advanced, finding applications in diverse fields such as
environmental monitoring, surveillance, package delivery, and
search-and-rescue operations. While conventional studies have
focused mainly on rigid bodies and point-mass models for
multirotor physical interactions [1], [2], real-world scenarios
often involve nonrigidity, introducing deformations and elastic
properties that significantly influence interaction outcomes [3],
[4]. As manipulating bendable objects requires considering de-
formations and variability in material properties, there are novel
potential applications for robots to explore. For example, in
agriculture, the deformation of tree branches poses challenges
for autonomous cultivation [5]. In autonomous construction, the
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Fig. 1. Two quadrotors actively control the endpoint trajectories of a long
carbon-fiber strip using the proposed adaptive controller. Video: https://www.
youtube.com/watch?v=lhTVIWSjhvQ.

ability to manipulate bendable materials expands the variety
of tasks robots can handle [6], [7]. Our vision is to integrate
bendable objects into aerial tasks, enhancing the versatility of
aerial vehicles in physical interactions.

Elastic deformation have been studied for almost four cen-
turies [8], and still, they present nontrivial challenges to be
incorporated into robotic systems, such as: i) Nonlinear defor-
mations are difficult to model and predict [9], [10]; ii) real-time
sensing and feedback often require accurate detection of the
shape and its deformation; iii) control algorithms must adapt
to the unknown behavior of deformable objects; iv) The vari-
ability in the physical properties of deformable objects, such
as elasticity and stiffness, can change during manipulation.
Researchers have made advances to handle these challenges,
including the estimation of elastic shapes [11], [12] and the adept
manipulation of bendable rods with robotic arms [13]. Model-
based analyses often require additional parameters to describe
nonrigidity. For example, Kirchhoff and Cosserat deformation
models [11] offer generalizability but pose additional analytical
challenges compared to the linear elastic rod model [14], [15].
As alternatives, adaptive control [16] and learning [17], [18]
make generic assumptions about the characteristics of bendable
objects and demonstrate versatility and effectiveness in practical
applications.

For transportation purposes, the ability to manipulate non-
rigid objects in midair significantly expands the range of objects
and applications. However, the natural instability of aerial ve-
hicles requires active stabilization efforts [19]. The presence of
external disturbances, such as the elastic force of a bendable rod,
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Fig.2. The vehicles apply forces on two ends of an object, resulting in different
bending curves. We consider the world reference frame { W} and the body frame
of each vehicle, {B1 } and { B2 }.

can lead to manipulation failures or vehicle crashes. Addition-
ally, the computational overhead of intense numerical methods
may cause aerial vehicles to destabilize due to the inherent
latency sensitivity of their motion control [20]. As a result, few
attempts have been made to enable aerial vehicles to manipulate
bendable objects in midair, mostly using explicit models of
specific elastic objects, both theoretical [21] and practical [22].
We propose an adaptive control approach that allows two aerial
vehicles to collaboratively transport a bendable strip in real-time.
The object’s deformable properties are unknown, and robots are
tasked to follow a trajectory while holding the strip from its
endpoints.

The main contribution of this letter is the development of
a stable trajectory-tracking controller that leverages the recur-
sive least square (RLS) approximation to adapt to an unknown
external force from deformation. In comparison to works in
multi-robot transportation of rigid payloads [23], [24], [25], [26],
our proposed method considers the deformation of the payload
and the unknown induced elastic force. Our controller operates
without requiring an explicit elasticity model, continuous [27],
[28] or discretized [22], [29] and adapts to unknown mass,
density, and Young’s modulus.

II. PROBLEM STATEMENT

The goal of this work is to transport a bendable object, e.g., a
rod, or strip, using two aerial vehicles.

Definition 1 (vehicle): A vehicle is a multirotor with a rigid
frame, total weight m, and inertia tensor J. Its rotors generate
thrust to translate and rotate the vehicle.

The vehicles are located at the ends of the object. We model
the connection between each vehicle and the object as a passive
spherical joint.

Definition 2 (Bendable object): A bendable object is a long,
thin, unstretchable, and incompressible elastic object with a
curve length Lg. Its thickness w, mass, my, and mass distri-
bution are unknown. The elasticity properties, such as Young’s
modulus, are also unknown.

Considering the two vehicles connected to the two endpoints
of a bendable object, as shown in Fig. 2, we index the two
endpoints and the corresponding vehicle with ¢ = 1, 2. The body
frame {B;} of the vehicle 7 has its origin fixed at its center of
mass (COM). The z-axis of { B;} points in the upward direction
of the vehicle, and the z-axis points in the “front” direction of a
vehicle. The vehicle generates a force f, and a torque 7.

The position of the i-th vehicle in {IW} is denoted by p;,
and the orientation of {B;} with respect to {W} is denoted by
the rotation matrix R; € SO(3). We assume that each endpoint
is directly fixed in the COM of a vehicle, resulting in the
endpoint displacement vector, r = py — p;. The magnitude of
the endpoint displacement is denoted by r = ||r||, satisfying
0 < r < Lyg. The vehicles are affected by the object’s force f?¢
and torque 7¢. Since the object is connected to the COM, the
object generates zero torque on the vehicle, i.e., 7§ = 0.

The object has a natural distance between two endpoints,
denoted by 7y, when an external force other than gravity is
applied. In this state, 7o < Lo due to the curvature introduced by
the bending. When external forces are applied to the endpoints,
the object exerts an elastic force as it tends to return to its
natural endpoint distance . These characteristics are unknown
to the vehicles in our setup, as no explicit elasticity model or
knowledge of L or rq is assumed.

We describe the vehicle dynamics using Newton-Euler equa-
tions,

mp; + mgz = f; + f7, )]
Jw; +w; X Jw; = T, 2)

where p,, P, are the linear velocity and acceleration; w;, w; are
angular velocity and acceleration, respectively. The term g is the
gravitational constant.

We assume that the hanging object always lies on a vertical
plane P and does not overlap with itself. The rotational dynamics
in (2) is not affected by the object, so an attitude controller that
guarantees global stability, such as the geometric controller [30],
drives the vehicles to a stable trajectory tracking in the rotational
dynamics. However, the unknown object’s force f7 is not neg-
ligible and can lead to instability in the translational dynamics.

Problem (Trajectory tracking for bendable object transporta-
tion): Given two vehicles connected to the two endpoints of an
unknown bendable object with passive spherical joints, design
a control policy, f, = u;, to track a desired trajectory while
adapting to the unknown force of the object, f7.

There are three major challenges in addressing the Problem.
First, the object’s response to a vehicle’s force is unknown
and can cause instability. Second, the lack of direct sensor
measurements of the bendable force requires a force observer, of
which the noise may harm the trajectory tracking performance.
Third, the low-latency requirement from the vehicles advocates
a real-time method that is computationally light.

The force compensation for bending the object is critical to
trajectory tracking quality since the object force f7 directly
influences the translational dynamics, as shown in (1). Thus,
the primary objective is to design a control policy w; such
that it adapts to the unknown bending force while tracking a
trajectory. A key intuition about bendable objects is that a greater
deformation requires a larger bending force, linking the force
to the vehicles’ states. Therefore, without an explicit model of
the bendable object, the aerial vehicles can adapt by estimating
the unknown force using their states, and use an acceleration
observer to continuously update the estimation, and further
refine the adaptation.
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Fig. 3.
being 7.

The strip lies in a vertical plane P, the displacement of its two endpoints

III. ADAPTIVE CONTROLLER

We approach the Problem using adaptive control [16] and
model the object’s force, f7, as a function of the vehicle states.

A. Trajectory-Tracking Control Via Force Adaptation

We estimate the force f7 using recursive least-square approx-
imation [31]. Since the bendable object force depends on its
endpoint displacement 7, and the positional constraints ensure
that the object curve remains in the same plane, we model
an approximation function that maps the displacement to the
required force.

We assume that the object’s plane, P, is vertical, i.e., zp =
z € P, as illustrated in Fig. 3. This assumption allows us to
approximate the orientation of P with only the knowledge of the
endpoint positions of the rod, which is suitable for the scenario
where the “swinging” behavior caused by the vehicle motion
is neglectable. The displacement vector r determines the unit
normal vector of P, yp = H:iizil\ The horizontal unit basis
vector of P is p = yp X zp. Therefore, the orientation of P

with respect to the world frame is Rp = |xp yp Zp:| . The

displacement vector on P is then rp = R,T;r. The object’s force
projected on the plane P is denoted by f7 . Then, we denote the

estimator of f7 p by f':’p, of which the projection in the world

frame is ff =Rp flop We model the force f7p as a mapping
of a nonlinear feature vector ¢ that depends on the vehicles’
state,

ir=W.o, G)

where W; € R4 +1x3 i the weight matrix. Since the defor-
mation and the bending force, is smooth and continuous on a
closed interval, a polynomial of the endpoint displacement 7p
uniformly approximates the function as accurately as desired,
based on the Stone-Weierstrass Theorem [32]. We use an n-th
order polynomial feature of nonzero elements in 7p and 7p,

Far iy i 1]

“)
where 7, r, are the first and third element of rp. 7, 7, are
the first and third element of 7p, respectively. We highlight
that the use of polynomials requires fewer terms than other
approximation functions such as neural networks. We use con-
tinuous Recursive Least-Square algorithm [33], [34] to update

_ n—1 n X0
b= [rz,rz ey Ty T T Ty
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the approximation, Wi, of the unknown weight matrix W, so
that the estimator

A0 ~ T

fip=W,;¢ ©)
converges to f7p as the sample size becomes infinite. Since
the object’s force cannot be easily measured directly, we use

an acceleration-based force observer to obtain it based on the
vehicle dynamics in (1),

fi=mp; + mgz —u, (6)

where the vehicle’s force u; can be computed based on the
actuator inputs, and the vector p; can be measured. In practice,
the measurement is noisy due to the nature of taking double
derivatives on the measured position and noisy measurements
from the inertial sensor. In addition, the measurement is only
available after motor actuation and the states are observed. To
ensure the trajectory tracking controller addresses the bendable
force while taking action, we estimate the force based on the
expected states before measurement, and update the estimation
based on the measurement.

We initialize the weight matrix as a zero matrix, W ;(0)
= 0, and the covariance as the identity matrix, P;(0) = I. The
update rule given by the continuous-time recursive least-square
algorithm with a forgetting factor [31] is,

W, =Pipe] )
P, =P, — P;¢;¢, P; (8)

where the force estimation error in P is
=Rpf? — fip- ©)

Using the updated weight matrix, the vehicles track the desired
trajectories while adapting to the elastic force simultaneously.

The objective of our control policy is to track each endpoint of
the obj ect to a desired trajectory p¢ by driving the position error,

= pi p,, and velocity error, é; = pf P;, to zero, while
adapting to the object’s unknown force. Our proposed control
policy combines the proportional-derivative trajectory tracking
controller and the force adaptation,

~fi, o
where k,, kg > 0 are scalar proportional and derivative gains
for the errors. The trajectory desired acceleration pe is the
feedforward term. We estimate the object’s force ffp on the P
plane using the least-square approxunatlon and project it back
to the world frame to obtain f Although a PID controller can
use the accumulated error to compensate for the bending force,
it would work when the bending force is constant, otherwise,
the changes in the bending force can lead to oscillations, delays,
and instability.

For the approximated weight matrix W, to converge to the
actual matrix W, the input Zt+N Y (q)¢(q) " mustbe persis-
tently excited (PE) [31]. To satlsfy PE, we can design trajectories
with diverse motion, typically by using periodic or aperiodic
signals that span a broad frequency range. Alternatively, we
can superimpose oscillatory components at varying frequencies
onto the original trajectories. Consequently, the collected data

w; = kpe; + kqé; + mgz + mp?
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becomes informative enough to maintain a full-rank sum of
outer products, guaranteeing the controller’s convergence and
stability.

B. Stability

Based on the assumption that our force estimation model
in (3) is sufficiently accurate to an arbitrary precision of choice
according to Stone-Weierstrass Theorem, we study the stability
of the system described in (1) using our control input in (10) in
the task of trajectory tracking,

mp; = kpe; + kaé; + mp? + £2 — £, (1n

where f7 = Rp W;rqﬁ. We rearrange the terms and include the
force estimation in P with (3) and (5) to obtain

mé; = —kaé; — kpe; + RpW, o, (12)

where W, = W,; — W, is the weight matrix error, which we
can use to rewrite the force estimation error as

€ = WI(b

We define a candidate Lyapunov function considering the
error dynamics and the estimation error,

(13)

V;=VP+ VWY, where (14)
1

VP = §méjé,; + ie;rkpei, (15)

VY = u(W, P{'W,), (16)

The operator tr(-) denotes the trace of a matrix. Note that V" is
associated with the tracking error and V'V is with the estimation
error. Since the proportional gain k, and the inverse covariance
matrix P are both positive definite, the Lyapunov candidate is
positive definite. If and only if the position error e; = 0, the
position error derivative é; = 0, and the weight matrix error
Wi = 0 are zero, the candidate V; = 0 is zero.

The derivative of the Lyapunov candidate, V; = Vip + ViW
contains two major components. First, we simplify the derivative
of the estimation component,

VY = (W, PW) (VVZ i(Pi‘l)Wi) . an

The weight matrix update rule in (7) induces W,=-W, =
—P;¢e]. Assuming A =0 for the recursive least-squares
without forgetting factor, the covariance matrix update rule
in (8) gives Pi = —Picl)iqbiTPi. Combined with the identity

4(p;'P;) =0, which gives 4 (P;") = —P'P, P!, we

simplify (17) into
vV =

W= (W, ¢e] ) — u(W, P7IP,PIIW,)

= —2u(W, ¢¢])
— (W, P (~

P.p;¢! P;))P;'W)

= —2tr(e;€] ) + tr(ese] )

= —€ € <0, (18)

which is negative definite. If and only if the force estimation error
|lei|]| = 0 is zero, this derivative component of the Lyapunov
function is zero. Combined with the positive definiteness of
VW from (16), it shows the global asymptotic attraction of the
estimation error to zero. The second component is the derivative

related to tracking errors,
y W T s T .
VP =meé,; é; +e; kyé;. (19)

Substituting € with the error dynamics in (12), we obtain

VP =eél (Rpﬁfqu ~ ke — kdéi) +el kye;

= &]RpW, ¢ — &] kaé
= é] Rpe; — é] kyé;. (20)

The Lyapunov function as a result of the derivation of its two
components in (18) and (20) is,

Vi=VV sVl

— €€+ & Rpe; — & kqé;. (21)
The right-hand side of (21) is composed of two negative
squares and éz Rpe;. Since the rotation matrix Rp changes only
the direction of the vector €;, the maximum value of éiTRpei is
bounded by ||é;]/||€;|| when é; is co-linear with Rpe;, i.e.,
Vi < —llell® + lléillles]l — kallés]? 22)
We can reorganize the right-hand side of (22) into the sum-
mation of two negative square terms,

. 1. \?
<= (led - led) - (- g) led? <o. @

which is negative definite for k4 > i. If and only if both the
velocity tracking error é; = 0 and the force estimation error
€; = 0 are zero, the Lyapunov derivative is zero. As a result,
we have the Lyapunov function V; positive definite, and its
derivative V; negative definite for kg > %. When the tracking
errors and the force estimation error are both zero, V; = 0. Since
the feature vector ¢ is a polynomial of the bounded endpoint dis-
placement, the magnitude of the weight matrix error is bounded.
Likewise, the magnitude of the position and velocity errors for
the task of trajectory-tracking is bounded. Thus, the system of
aerial vehicles and the bendable object is asymprotically stable
in tracking the endpoint trajectories while compensating for
the object’s force. It is noted that depending on the order of
polynomial and the model mismatch unaccounted for such as the
misalignment from the vehicle CoM and the connection point to
the bendable object, the force estimation model is not accurate
in practice. Consequently, the force estimation error €; ' €; in P
will stabilize around 0, resulting in a residual trajectory track-
ing error. Though a feature vector of higher polynomial order
offers lower estimation errors, it also increases the computation
overhead as the size of WZ increases. An alternative to lower
the estimation error is to adopt a different feature vector which
incorporates the physical insights of a bendable objects.
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Fig. 4. The object force in parallel and perpendicular to displacement vector
in the plane P. The force vectors on vehicle 1 omitted for illustration clarity.

C. Physical Insights of a Bendable Object

The most fundamental physical characteristic of a bendable
object is its tendency to recover its endpoint displacement 7 to
the natural value 9. When the object is bent, r # r( leads the
object to resist bending, resulting in the elastic force received by
the vehicles. During transportation, the vehicles also need to take
into account the force due to gravity, which is nontrivial because
of its unknown mass distribution. The gravity compensation of
each vehicle depends on the leaning of the object, o, which is
the angle between r and the horizontal plane,

rT-zZp
o = arctan .
T-ITp

These insights motivate us to construct a new feature vector
for improved force estimation. We first decompose the total
force received by the vehicles from the object in parallel and
perpendicular to the displacement vector 7, that is, f7 and " at
endpoint 7, as shown in Fig. 4. As such, the external force applied
by the objectis f7 = f + fI'. To ensure that this modification
is consistent with the methods introduced in Section II-A,
we find the unit vector of the displacement x, = HTH’ and the
normal vector of , in P, z, = Rot(yp, —F )z, by applying
Rodrigues’ rotation formula. Thus, we obtain the rotation matrix

(24)

R, = [:c,« Yp zr} using the three orthogonal unit vectors.
This rotation matrix, combined with a selected origin at p,
defines a new frame {O}, of which the zz-plane is identical to
‘P with a different set of basis vectors. By projecting f?7 into {O},
we obtain f7 , = = R/ £, of which the first and third elements
are the magnltudes of fz and f7'. We define the feature vector

¢ =

1 -1

[r",r"_ B O AP LYo T=F 7 Yo T

cos a, sinna, . . ., sin a, 1]T (25)

We model the object force in {O} as a linear function of
the new feature vector ¢’, i.e., fio= WP¢P. The estimator

) o a b < b .
of f¢, is denoted by f;, = W,¢" and W, € RUn+1x3 js
the associated estimation weight matrix. While the update rules
remain the same as in (7), (8), the estimation error is

T ~0

= Ro f 7,('J - f 7,0

This new feature vector takes into consideration the physical
characteristics of a bendable object without explicit knowl-
edge of the model, thus generalizes over different bendable
objects. The stability proof follows the same procedure as in

(26)
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Section III-B by replacing Rp with R,. The performance of
both feature vectors is evaluated in the next section.

IV. EXPERIMENTS

We connect a quadrotor to each endpoint of a thin and long
carbon-fiber strip and use the two quadrotors to drive the bend-
able object’s endpoints to follow a desired trajectory to validate
our methods. A snapshot of the experiments is shown in Fig. 1.
We measure the performance in terms of position tracking errors
and compare the performance of our adaptive control to that of
the standard PID control. We evaluate the methods using three
different trajectories. For simplicity, we refer to the system of
the two quadrotors and the bendable strip as “the system” in this
section.

We use the quadrotor modules from the H-ModQuad
project [35] as the aerial vehicle. Each module weighs 135 g
and has a payload capacity of over 100 g. A ground station
calculates and sends the trajectory waypoints to the quadrotors
using the Crazyswarm [36] framework at 100 Hz. The ground
station executes the RLS calculation and sends the compensation
force for bending to the quadrotors consistently throughout an
experiment. The strip for the experiments is constructed as a
composite of multiple carbon fiber strips of different weights,
thicknesses, base shapes, and lengths to achieve asymmetry and
nonhomogeneity.'

A. Trajectory-Tracking Evaluation

In the first experiment, we command the system to translate
in z-direction at a constant speed while maintaining height
and the P plane orientation, The endpoint distance of the strip
varies sinusoidally, and the desired height of both endpoints
oscillates at different frequencies with a magnitude of 0.05 m.
The strip has a curve length of Ly = 1.2 m and a natural endpoint
displacement g = 1.05 m. During transportation, we command
the quadrotors to oscillate the endpoint displacement between
0.8 m and 0.4 m. This trajectory evaluates the strength and
convergence speed of the force compensation methods during
strip bending. Using our adaptive controller, the system can
quickly and consistently reduce tracking errors that are signif-
icantly smaller than the PID baseline. We run the trajectory 10
times with each method for 40 seconds each time. For adaptive
controllers, we continue to update the RLS matrices, i.e., W;
and P;, across the trials. The mean and standard deviation (STD)
of the average tracking errors of the two endpoints over time are
shown in Fig. 5. The mean and STD of the average tracking
errors of the two endpoints over the 10 trials are shown in Fig. 6.

We highlight three observations. First, while the PID base-
line consistently achieves a mean error around 0.13 m with
an STD of 0.03 m, our adaptive controllers with both feature
vectors achieve a lower mean error less than 0.1 m with an
STD of 0.04 m during the first trial, and eventually achieve a
significantly lower mean error less than 0.05 m with an STD of
0.02 m. Second, since the PID controller compensates for the

I'The complete set of video and data recordings is available at https://tinyurl.
com/bendables.
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Average error of the two quadrotors: Mean and STD
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Fig. 6. The mean and standard deviation of the average endpoint position
errors v.s. trial for tracking a varying endpoint distance.

bendable force by accumulating the integral term, it does not
comprehend the characteristics of the bendable strip, resulting
in a high deviation in error. In contrast, our controller learns the
bendable force by updating the weight matrices, thus achieving
alower deviation. Third, the ¢ feature vector provides a deeper
understanding of the bendable characteristics, which leads to
faster convergence and lower errors compared to using the ¢
feature vector. In addition, we assume that a quadrotor connects
to the object’s endpoint at its CoM, and thus the bendable object
applies zero torque on the quadrotors. However, in practice,
slight deviations in the connection point from the quadrotor
CoM create unexpected torques. These torques amplify errors
both in force compensation magnitude and direction in the PID
baseline, which results in higher tracking errors as bending the
object more requires higher force.

B. Simple Task: Passing Through a Window

In the second experiment, we design a trajectory to move
forward-up, and then pass through a square window. It is com-
posed of five parts. First, the system translates in x-direction
at a constant speed, moves up, and maintains the P -plane
orientation at the same time until the system reaches a height
of 1.8 m. The upward movement is combined with a varying
endpoint distance between 0.6 m and 1.1 m sinusoidally, and
both endpoints change their relative heights to the system height
sinusoidally at different frequencies with a magnitude of 0.05
m. Second, the system maintains the endpoint displacement
distance at 0.6 m and moves down in the z-direction while

Average error of the two quadrotors: Mean and STD
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Fig. 7.  The mean and STD of the average endpoint position errors v.s. time
for climbing up and passing one obstacle. The red cross marks where the PID
controller with a low integral term fails to drive the strip through the obstacle.
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Fig. 8. The mean and standard deviation of the average endpoint position

errors v.s. trial for climbing up and passing one obstacle.

maintaining the P orientation and the x -axis speed until the
height reaches 0.7 m. Third, the two quadrotors maintain the
endpoint displacement while moving forward to pass through
the square obstacle. Fourth, after going through the obstacle,
the system stays static for 10s. Lastly, the system increases the
displacement distance to the same value during takeoff, then
lands, finishing the task.

The results in terms of position errors are shown in Figs. 7
and 8. We run the PID baselines only once since their per-
formance does not improve with repetitions. The PID baseline
with the default low integral term for unconstrained quadrotors
fails to pass through the obstacle as error integration does not
generate enough force to bend the strip timely, marked by a red
cross in Fig. 7. PID with twice as high of the default integral
term succeeds in passing the obstacle but struggles to damp
the position error when the quadrotors are commanded to stay
static while bending the strip. The adaptive controllers with
both feature vectors complete the task and maintain the average
position error below 0.05 m after 3 trials, with an STD less than
0.03 m. The task lasts 60 s, which is 20 s longer than Exp. IV-A.
The longer runtime allows the adaptive controllers to converge
further to a lower error within the first trial. Similar observation
as in Section IV-A holds that using ¢ feature vector fosters a
faster convergence than using ¢.

C. Complex Task: Traversing Two Perpendicular Windows

In the third experiment, both quadrotors first follow an
obstacle-free trajectory for 60 seconds to maintain persistence
of excitation. The trajectory varies the endpoint displacement
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Fig. 10. The mean and standard deviation of the average endpoint position
errors v.s. trial for passing two obstacles.

between 0.4 m and 1.0 m with a sinusoidal function, changes
the heights of both endpoints at different frequencies with a
magnitude of 0.1 m, completes a full 27 revolution of P, and
makes the oscillatory translation of both endpoints in x- and y
-axes with a magnitude of 4.0m and 0.2m, respectively. In the
second 60-second period, the two quadrotors transport the bend-
able strip to pass through a circular window while bending it with
afixed P orientation, then pass through a second square window
with a varying P orientation. Then, the quadrotors recover the
endpoint displacement to the take-off value before landing. This
120-second experiment emulates real-world scenarios where
two quadrotors transport a bendable object through a cluttered
environment while constantly bending it to avoid collisions.

The results of three trials using the adaptive controllers and
the baseline PID controller are shown in Figs. 9 and 10. Overall,
our adaptive controllers with both feature vectors converge to
a mean error half that achieved by the PID controller in the
first trial and continue to achieve significantly lower errors than
the PID controller in the follow-up experiments. The results
demonstrate the effectiveness of our adaptive controller in re-
alistic settings. Since the integral term only compensates for
accumulated error in the world frame, it does not account for
the changing orientation of the displacement vector presented in
this experiment. Consequently, our adaptive controller achieves
significantly higher performance facing varying force directions
in the world frame than the PID baseline.

V. CONCLUSION

In this letter, we presented the problem of using aerial vehicles
to transport a bendable object. Due to the limited actuation
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capabilities of aerial vehicles and their need to maintain airborne
stability, the unknown elastic forces resulting from bending
the object might lead to crashes if not properly addressed.
We modeled the unknown force as a parametric function of
the bendable object’s endpoint displacement and proposed an
adaptive controller based on recursive least squares to estimate
the force. By integrating the force adaptation into the trajectory
tracking controller, we derived a novel controller that allows
aerial vehicles to transport the bendable object while adapting
to the elastic forces in real time. Through Lyapunov analy-
sis, we proved the stability of the trajectory tracking and the
convergence of parameter approximation for force adaptation.
We demonstrated the effectiveness of our methods with real
quadrotors and carbon-fiber strips in extensive experiments fea-
turing different trajectories. In all tests, our adaptive controller
significantly outperformed the PID controller, achieving smaller
errors. In future work, we aim to extend this method to account
for different object shapes, numbers of robots, and high-speed
maneuvers.
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