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Abstract—Low-cost autonomous micro aerial vehicles have great
potential to help humans by simplifying and speeding up complex
tasks, such as construction, package delivery, and search and
rescue. These systems, which may consist of single or multiple
vehicles, can be equipped with passive connection mechanisms,
such as rigid links or cables for transportation and manipulation
tasks. However, these systems are inherently complex. They are
often underactuated and evolve in nonlinear manifold configura-
tion spaces. In addition, the complexity escalates for systems with
cable-suspended load due to the hybrid dynamics that vary with
the cables’ tension conditions. This article presents the first aerial
transportation and manipulation simulator incorporating different
payloads and passive connection mechanisms with full system dy-
namics, planning, and control algorithms. Furthermore, it includes
a novel general model accounting for the transient hybrid dynamics
for aerial systems with cable-suspended load to closely mimic real-
world systems. The availability of a flexible and intuitive interface
further contributes to its usability and versatility. Comparisons
between simulations and real-world experiments with different
vehicles’ configurations show the fidelity of the simulator results
with respect to real-world settings. The experiments also show
the simulator’s benefit for the rapid prototyping and transitioning
of aerial transportation and manipulation systems to real-world
deployment.

Index Terms—Aerial robotics, aerial systems and applications,
aerial transportation and manipulation, micro aerial vehicles
(MAVs), simulation.

I. INTRODUCTION

LOW-COST autonomous micro aerial vehicles (MAVs) en-
dowed with manipulation mechanisms have the potential

to help humans in a wide range of complex and dangerous
tasks, such as construction [1], transportation and delivery [2],
and inspection [3]. In construction scenarios, a MAV team can
cooperatively transport construction materials from the ground
to the upper floors, speeding up the construction process. Simi-
larly, MAVs can speed up immediate humanitarian missions or
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emergency medical care deliveries in urban settings, which can
often be delayed by ground traffic during rush hour, by exploiting
the free “highway” in the air. The tasks above require endowing
aerial robots with the capability of transporting or manipulating
objects.

Researchers have employed both active and passive manipula-
tion mechanisms for aerial transportation and manipulation [4].
They used active mechanisms, such as actuated robot arms [5],
[6], gripper [7], [8], and passive mechanisms such as mag-
nets [9], [10], spherical joints [11], [12], and cables [13], [14].
Passive mechanisms require lower energy since they do not need
extra actuation. In addition, they are generally lighter than active
solutions. Therefore, passive mechanisms can potentially guar-
antee better flight endurance compared with active solutions.
Moreover, they also have the advantage of being lower cost
and easier to design. Hence, passive attach mechanisms can
benefit large-scale deployment of aerial payload transportation
and manipulation in the real world.

However, by not directly actuating the load and presenting
a configuration space that evolves on complex nonlinear mani-
folds, these systems require additional efforts to design control
and planning strategies. It is usually dangerous, expensive, and
time-consuming to directly design and test algorithms on robots
or collect data in the real world. For these reasons, simulation
tools provide cheap and fast access for researchers to collect
data, prototype systems, and test algorithms. It is challenging to
simulate aerial transportation and manipulation with MAVs that
have passive mechanisms for the aforementioned difficulties.
Furthermore, the hybrid dynamics introduced by the suspended
cables create additional challenges that have to be properly mod-
eled and accounted for. When the cables switch from slack to
taut condition, the payload’s and robots’ velocity will transition
to new values due to the collision along the cable direction.

Researchers have been spending efforts to develop their nu-
merical simulation in MATLAB or Python [15], [16], [17], [18],
[19], [20], [21], [22] to resolve the above challenges and validate
control and planning algorithm design on aerial transportation
and manipulation. However, these simulations are customized
to address specific research problems, and most did not re-
lease the corresponding source code. Other researchers employ
open-source generic simulators such as [23] and [24]. However,
adapting these environments to simulate MAVs transporting a
payload via cables is challenging, especially considering the
hybrid dynamics.

Hence, in this article, we present several contributions as
follows.

1) We propose a novel simulator for aerial transportation
and manipulation with quadrotor MAVs equipped with
passive mechanisms. More specifically, we provide a set of
models as well as planning and control algorithms. These
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Fig. 1. Sample systems and user interface of the proposed RotorTM simulator.

are directly accessible from a flexible interface that the
user can leverage to define the connection mechanisms,
payload, and MAV types.

2) We model the full hybrid system dynamics with slack and
taut suspended cables including the collision model for
the transient dynamics between the two different system
dynamics. To the best of the authors’ knowledge, this is
the first time that a full collision analytical model, with a
provable closed-form analytical solution, between multi-
ple quadrotors and payload via cables has been developed.
It enables us to provide the complete dynamics of aerial
transportation and manipulation with MAVs using passive
mechanisms, such as cables and rigid links.

3) A set of comprehensive simulation and real-world experi-
ments to validate the fidelity and accuracy of the modules
and algorithms including the proposed collision model
for multiple quadrotors carrying a rigid-body payload. To
the best of the authors’ knowledge, this is also the first
time real-world experiments are carried out to examine
and validate the collision model for multiple quadrotors
carrying a rigid-body payload.

In Fig. 1, we show some of the sample systems and the
interface that the user can use to define the system setup,
controller, and planner they would like to test in RotorTM.
Moreover, we release the code of the simulator in MATLAB
as well as in Python/ROS, to the community to accelerate
the research in aerial transportation and manipulation. We be-
lieve that this is the first time the research community gets
access to an open-source comprehensive simulation frame-
work for modeling, control, and planning with micro aerial
robots transporting or manipulating payloads via passive attach
mechanisms.

The rest of this article is organized as follows. Section II
offers an overview of existing approaches and corresponding
simulation tools for aerial transportation and manipulation.
Section III provides the overview of our simulator features. In
Section IV, we discuss the system dynamics for aerial trans-
portation and manipulation with aerial robots using passive
mechanisms. Section V introduces the hybrid system model
when employing suspended cables as transportation and ma-
nipulation mechanism. We provide full collision models of
the hybrid system dynamics. Section VII shows simulation
and experimental results. These show the simulator’s fidelity

compared with real-world settings and its benefit in facilitating
a rapid transition to real-world deployment. Finally, Section VIII
concludes this article and proposes multiple future research
directions.

II. RELATED WORKS

A. Hybrid Cable Dynamics Modeling

It is challenging to simulate cables compared with other
passive mechanisms, especially the hybrid dynamics cases in-
troduced by the suspended cables. When the cables switch from
slack to taut condition, the payload’s and robots’ velocity transi-
tions to new values due to the collision along the cable direction.
Many researchers simplify this problem by assuming the cables
are always taut. For example, based on this assumption, the
authors in [16], [20], and [22], present planning algorithms and
nonlinear controllers on multiMAVs transporting a rigid-body
payload validated through a customized simulator. However,
it is essential to consider this condition, especially when ex-
ternal disturbances, such as wind or human interaction exist,
as the cable could transition from being taut to slack and vice
versa.

It is typical in the research literature to model the cable as rigid
links or elastic springs, with a joint at both ends of the cable
connecting the robots and the payload. For example, in [25],
the authors modeled the cable as a rigid link and developed
a MATLAB-based numerical simulator to test their proposed
nonlinear controller on the system of using a single MAV
transporting a suspended payload via a cable.

Another way to circumvent modeling the hybrid dynamics
introduced by suspended cable is to model the cable as a series of
rigid links with joints between every pair of links such as in [26].
The main drawback of this approach is that it must include and
connect a substantial number of links in series to simulate a
cable with sufficient fidelity. It will immediately introduce a high
computational burden to the simulator preventing its scalability
to multiple robots and long cables.

Other works instead directly model the hybrid dynamics.
For instance, the authors in [18], [27], and [28] suggested
modeling collision between quadrotors and the suspended pay-
loads as perfectly inelastic collision. However, in these three
works there is NO explicit mathematical modeling of how the
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system state changes when the collision occurs as the cables
transition from slack to taut. Hence, the models in [18],[27],
and [28] cannot be implemented in simulation to simulate
collision, and also cannot be validated in the real world. Cruz
and Fierro [29] provided complete modeling of the collision
between a quadrotor and a point-mass payload. Based on the
aforementioned modeling, other works [19], [30] proposed con-
trol and planning algorithms considering the hybrid dynamics
and tested the algorithms in the simulators they developed. For
multiMAVs case, in [31], a generic collision model between
one helicopter and one rigid body payload is derived and ex-
amined in numerical simulation. These results show that the
collision model between multiple quadrotors and a payload
has not been investigated yet, and no simulator incorporates
the collision between quadrotors and payloads through cables.
Moreover, none of the previously mentioned works [18],
[31] examined their proposed collision model with real-world
experiments.

B. Simulation Tools

Simulation is a valuable tool for researchers to collect data,
test algorithms, and prototype systems. It can help researchers
to verify and validate their algorithms before deploying them in
the real-world system [17], [32]. It can also provide easy access
to gather data to train and test learning algorithms when consid-
ering recent research on novel machine learning methods, such
as reinforcement learning or metalearning on a cable-suspended
payload with MAVs [33], [34], [35]. However, popular open-
source MAV simulators, such as in [36] and [37] can simulate
only MAVs without any mechanisms, such as cables or rigid
links for physical environment interaction.

Other researchers utilize existing simulators, such as Gazebo
with open dynamics engine (ODE) [38] as its physics engine.
For instance, in [24], the authors use rigid links to represent
cables in Gazebo for a cable-drive parallel robot. However,
ODE and some other state of the art of physics simulation
engines, including PyBullet [39] and DART [40], only consider
rigid body collision, meaning they can simulate collision when
two rigid bodies collide with each other. There is only one
way to simulate multirobot transportation with cables in these
physics engines, which is treating cables as rigid links so that
the previously mentioned physics engine can detect the collision
between the cable and the quadrotor or between the cable and
the payload.

However, a cable is NOT a rigid link. For two objects attached
at the two ends of a cable, if the relative velocity makes them
move toward each other when the cable is taut, there will be no
collision because this would make the cable slack. However, it
would never be possible to simulate such an effect if a cable
is considered a rigid link or an elastic spring. Hence, there is
not a fair comparison between our simulator and the previously
mentioned physics engines. The aforementioned engines cannot
simulate some important physical phenomena that we report in
this work.

Some researchers propose their own customized simulators
for their specific research purposes. For example, the author
in [17] proposed a nonlinear controller for multiMAVs trans-
porting a rigid-body payload, assuming cables are rigid links,
and examined the controller in a self-developed numerical sim-
ulation. In [21], [32], and [41] the authors instead model the
cables as elastic springs. They design corresponding controllers

TABLE I
NOTATION TABLE

based on this assumption for multiMAVs and single MAV trans-
porting a payload via cables and validate them in self-developed
simulators. However, none of the aforementioned simulators
opensourced the code.

Researchers also present several open source numerical sim-
ulation tools for specific research purposes related to aerial
transportation and manipulation. For example, in [15], the
authors showed a decentralized control framework for multiple
quadrotors transporting a payload via rigid links. They evaluated
the controller with their self-developed Python-based simulator
and visualized the results in Rviz. The authors in [11] use
high-fidelity simulator RotorS [23] to simulate a team of MAVs
transporting a rigid body payload via spherical ball joints. Both
of the simulators mentioned above are open source. However,
this class of simulators is not suited to simulate aerial vehicles
endowed with cables and the corresponding hybrid dynamics.

The aforementioned modeling gaps as well as the limitations
of existing simulators clearly show the need to design, as pro-
posed in this work, a complete open-source solution that analyti-
cally mimics the behavior of cable mechanisms including hybrid
dynamics for multiple physically interconnected vehicles. This
will allow researchers to have easy access to a simulator tool for
designing appropriate control and planning strategies. There-
fore, our simulator also includes an inelastic collision model
for aerial transportation and manipulation with one or multiple
quadrotors via suspended cables. In our model, we explicitly
model the system state transition, i.e, model how the payload’s
linear and angular velocity and quadrotors’ velocity change
after the collision happens. The model derivations are shown in
(39)–(42), (55)–(57). Furthermore, we implement this model
in our simulator and validate it with real-world experiment
results.

III. OVERVIEW

We consider several systems with passive connection mecha-
nisms: i) A point-mass payload suspended from a single quadro-
tor, and ii) a rigid-body payload carried by n quadrotors with
either rigid links or cables. The simulator can be easily general-
ized by the user, who can customize different systems in terms
of the number and types of vehicles and payloads according to
the specific user’s needs.

We summarize the relevant variables in our setup in Table I,
as well as the possible options and interface of the software
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TABLE II
SOFTWARE MODULE INTERFACE

Fig. 2. RotorTM software modules overview.

modules mentioned above in Table II. We use X(t) to denote
the state vector of the entire system and U(t) to represent the
input vector of the entire system at the time t. The simulator
will start the system evolution with the initial state X(0). Based
on the user’s choice of the trajectory generator, controller, and
system in the user interface, the simulator will integrate the states
and visualize the system accordingly.

A. System States

1) Single Quadrotor: In this case, since we only consider
one quadrotor, we will drop the subscript of the robot’s state
for notational convenience shown in Table I. For the payload
suspended from a quadrotor system through a cable, the system
state and input vector are as follows:

X =
[
x�
L, ẋ

�
L,x

�, ẋ�,q�,Ω�]� ,U =
[
f,M�]� . (1)

2) Multiple Quadrotors Via Cables: For a system with a rigid
body payload suspended from n, n ≥ 2, quadrotors, the state
vector X of the system is as follows:

X =
[
X�

L,X
�
1 , . . . ,X

�
k , . . . ,X

�
n

]�
(2)

where XL ∈ R13 represents the payload’s state and Xk ∈ R13

represents the kth quadrotor’s state, k = 1, . . . , n. XL and Xk

are defined as

XL =
[
x�
L, ẋ

�
L,q

�
L,Ω

�
L

]�
, Xk =

[
x�
k , ẋ

�
k ,q

�
k ,Ω

�
k

]�
.

The system control input is

U =
[
f1,M

�
1 , . . . , fk,M

�
k , . . . , fn,M

�
n

]�
. (3)

3) Multiple Quadrotors Via Rigid Links: We can model the
system as a unique rigid body if n quadrotors connect a rigid
body payload via rigid links. Hence, we only need to simulate
the position xc, velocity ẋc of the center of mass of the entire
structure, the orientationqc, and angular velocityΩc of the entire
structure. Hence, the simulated state vector X is as follows:

X =
[
x�
c , ẋ

�
c ,q

�
c ,Ω

�
c

]�
. (4)

Further, the states of the payload and the quadrotors can be
obtained by using the geometric constraints between them. The
input vector U is the same as (3).

B. Software Modules

As shown in Fig. 2, the simulator mainly consists of five
modules, i.e., trajectory generator, controller, system dynam-
ics integration, visualization, and intuitive user interfaces. We
release two versions of the simulator. The first one is written in
Python and ROS for robotics and control research purposes. The
second one is implemented in MATLAB with visualization in
ROS, tailored for general academic purposes.

1) System Dynamics: We can express the system dynamics
modeling in Section IV for all the possible systems in a general
ordinary differential equation as following:

Ẋ = g (X,U) . (5)
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Fig. 3. Depiction of single MAV transporting a payload via a suspended cable.

In the simulator implementation, we leverage Runge–Kutta
methods to numerically integrate the above ordinary differential
equation from statesX(t− 1) and inputsU(t− 1) at time t− 1
to the states X(t) at time t as following:

X(t) = gRK (X (t− 1) ,U (t− 1)) . (6)

2) Trajectory Generator: The trajectory generator generates
the desired trajectory for the payload or the quadrotor based on
the users’ preference to directly control the load or control the
quadrotor to track a series of waypoints. We provide several
trajectory options in this simulator, including a circular trajec-
tory and minimum-kth-derivative trajectory among waypoints
in Section VI-A. Therefore, the user can also use this simulator
to develop and test motion planning and trajectory generator
algorithms.

3) Controller: The controller takes the desired value for the
trajectory generation function and the current states as inputs
and computes quadrotors’ actions U in (1) and (3). The user can
develop and test as well customized controllers. The controller
provided in the RotorTM is presented in Section VI-B.

IV. SYSTEM DYNAMICS

In this section, we introduce the dynamics models in the
simulator. The models are developed based on the following
assumptions.

1) The drag on the payload and quadrotor is negligible.
2) The rotor dynamics time evolution is much faster com-

pared with the high-level position and attitude controller.
3) The massless cable connects to the robot’s center of mass.
4) The aerodynamic effect among the robots and the payload

is neglected.
The above assumptions are reasonable since they have been

successfully applied in several works [9], [13], [28] and tested
in real-world settings at sustained speed. In addition, users can
also easily customize the simulator according to their specific
needs and contribute to its generalization. In Section VII, we
will also show the comparison between the simulation results
and real-world experiments proving the efficacy and accuracy
of the proposed simulator.

A. Single Quadrotor

We introduce the dynamics of a quadrotor connected to a point
mass payload through a massless cable, as shown in Fig. 3. The
system is a hybrid system since its dynamics differ depending
on whether the cable is taut or slack.

1) Taut Cable: The system configuration space here is
SE(3)× S2. As shown in Fig. 3, the geometric constraint
between the quadrotor and the payload is as follows:

xL = x + lξ (7)

where ξ ∈ S2 is a unit vector from the robot’s center of mass to
the payload. Based on (7), we can have

ξ =
xL − x

l
, ξ̇ =

ẋL − ẋ

l
, ξ̈ =

ẍL − ẍ

l
. (8)

According to [27], by applying the Lagrange–d’Alembert prin-
ciple, we obtain the system’s equations of motion

dxL

dt
= ẋL,

dx

dt
= ẋ, q̇ =

1

2
Ω̂ · q (9)

(m+mL) (ẍL + g) =
(
ξ · fRe3 −ml

(
ξ̇ · ξ̇

))
ξ (10)

ml
(
ξ̈ +

(
ξ̇ · ξ̇

)
ξ
)
= ξ × (ξ × fRe3) (11)

M = JΩ̇ +Ω × JΩ (12)

where g = ge3, g = 9.81m/s2, and e3 = [0 0 1]�, and Ω̂ is the
skew-symmetric matrix of the quadrotor angular velocity Ω. By
using (8)–(12), we can write the system’s equations of motion
written in the standard form

Ẋ = gp (X,U) (13)

where gp corresponds to the dynamics function when the cable

is taut, Ẋ =
[
ẋ�
L, ẍ

�
L, ẋ

�, ẍ�, q̇�, Ω̇
�]�.

2) Slack Cable: In this case, the tension in the cable is zero
and the system configuration space is SE(3)× R3. Moreover,
the quadrotor and the payload evolve as two independent sys-
tems. Therefore, the equations of motion are

mL (ẍL + g) = 0, fRe3 = m (ẍ + g) (14)

M = JΩ̇+Ω× JΩ. (15)

Equations (14) and (15) can be written similarly to (13).

B. Multiple Quadrotors

1) Cable Mechanism: In this section, we model the dynamics
wheren quadrotors cooperatively transport a rigid body payload
using massless cables with respect to I shown in Fig. 4. The kth
quadrotor is connected to the payload at an attach point, whose
position ispk ∈ R3 with respect to I. As the payload is modeled
as a rigid body, we have

pk = xL +RLρk. (16)

Similar to Section IV-A, we consider the system dynamics
with cables in slack and taut conditions. However, in this case,
it is more complicated with respect to the single robot case
because multiple cables can be in slack conditions simultane-
ously. Hence, we assume that np quadrotors’ cables are taut and
nz quadrotors’ cables are slack. Then, we have n = np + nz .
Hence, the system configuration space is (SE(3))nz+1 × (S2 ×
SO(3))np . Since only the taut cables will generate tension forces
to affect the payload’s motion, the payload’s equations of motion
are related to the inputs introduced by these quadrotors. Without
loss of generality, let Ip = {1, . . . , np} be the set of indices
of the taut cables and the corresponding quadrotors, whereas
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Fig. 4. Depiction of multiple MAV transporting a rigid-body payload via
suspended cables.

Iz = {np + 1, . . . , n} be the set of indices of the slack ones.
The quadrotors with taut cables have the following geometric
relationship with the payload’s center of mass as depicted in
Fig. 4

xk = pk − lkξk

= xL +RLρk − lkξk, k ∈ Ip. (17)

By utilizing the Lagrange–d’Alembert principle [16], [42], the
payload’s equations of motion are as follows:

np∑
k=1

ū
||
k = mL (ẍL + g) (18)

np∑
k=1

ρ̂kR
�
Lū

||
k = JLΩ̇L + Ω̂LJLΩL (19)

where

ū
||
k = u

||
k −mklk ‖ωk‖22 ξk −mkξkξ

�
kak

ak = ẍL + g −RLρ̂kΩ̇L +RLΩ̂
2

Lρk

uk = fkRke3, u
‖
k = ξkξ

�
kuk , u

⊥
k =

(
I3×3 − ξkξ

�
k

)
uk .

In the above equations, ū||
k represents the effective force acting

on the payload from the kth quadrotor, and u
||
k is the kth quadro-

tor’s total rotors force uk projected along the cable direction. In
addition, ak denotes the acceleration with respect to I at the kth
attach point.

Besides the payload dynamics mentioned above, we can
obtain the quadrotors’ equations of motion by using the same
principle. All the quadrotors have the same equations of motion
for rotational motion similar to (12). However, for translation,
quadrotors with taut cables differ from those with slack cables
since they are constrained to be on a sphere centered at each
corresponding attach point. Therefore, in the case of the taut
cables, we have

ξ̂
2

k (uk −mkak) = mklk

(
ξ̈k +

∥∥∥ξ̇k
∥∥∥2
2
ξk

)
, k ∈ Ip. (20)

Conversely, for quadrotors with slack cables, we have

uk = mk(ẍk + g), k ∈ Iz. (21)

Fig. 5. Depiction of multiple MAVs transporting a rigid-body payload via
rigid links.

By writing the (17)–(21) in standard form, we obtain

Ẋ = gj (X,U) , j ∈ [0, n] (22)

where gj corresponds to the system dynamics when j cables are
taut with

Ẋ =
[
Ẋ�

L, Ẋ
�
1 , . . . , Ẋ

�
k , . . . , Ẋ

�
n

]�
. (23)

2) Rigid Link Mechanism: In the following, we model the dy-
namics of n quadrotors cooperatively transporting a rigid-body
payload using rigid links with respect to I shown in Fig. 5. Since
the quadrotors and the payload are connected via rigid links,
we can model them as a single rigid-body structure with inputs
given by the thrust and moment generated by each robot. Hence,
the configuration space is SE(3). As mentioned in Section III,
we simulate the motion of the entire structure and obtain the
states of the payload and the quadrotors based on the geometric
constraints imposed by the rigid links

dxc

dt
= ẋc, mcẍc = Rcfce3 −mcg (24)

q̇c =
1

2
Ω̂c · qc, Mc = JΩ̇c +Ωc × JΩc (25)

where fc ∈ R is the sum of all the quadrotors’ rotor thrusts,
Mc ∈ R3 is the net moments contributed by all the rotor forces
on the payload, and mc is the total mass of the entire structure.
The mapping from quadrotor rotor thrust and moments to the
net thrust fc and the net moment Mc is

[
fc
Mc

]
= AU =

n∑
k=1

Ak

[
fk
Mk

]
(26)

where Ak, defined in [9], is the mapping matrix accounting for
the kth quadrotor’s thrust fk and moment Mk contributions to
the total thrust fc and moment Mc.

V. HYBRID SYSTEM DYNAMICS

Our solution incorporates the challenging case of hybrid
dynamics that models cable transitions from being taut to slack
and vice-versa (once the tension is reestablished) for one or
multiple quadrotors transporting loads via cables. In this section,
we model the transition reset maps among different system
dynamics considering inextensible cables.
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Fig. 6. Transition between two systems as the cable in the system becomes
slack or reestablishes tension.

A. Single Quadrotor

A single quadrotor with a cable-suspended payload is a hybrid
system because the system dynamics switch between two dy-
namical models, Σp and Σz . The hybrid system can be modeled
as follows:

Taut Σp :

{
Ẋ = gp (X,U) , X �∈ Sz

X+ = Δp→z (X
−) , X ∈ Sz

(27)

Slack Σz :

{
Ẋ = gz (X,U) , X �∈ Sp

X+ = Δz→p (X
−) , X ∈ Sp

(28)

where ∗− and ∗+ represent the states before and after reset,
respectively. We also demonstrate the model in Fig. 6. Let d
denote the distance between the robot and the payload

d = ‖x − xL‖2 . (29)

Then, we can define the guards of the two different system
dynamics Sz and Sp as

Sz = {X | d < l} , Sp =
{
X | d = l, ḋ > 0

}
. (30)

The set Sz represents the system state when the cable becomes
slack. When the system state reaches region Sz , the system
dynamics model will transition from Σp to Σz via the transition
map Δp→z , which is an identity map. Sp represents the system
state when the cable becomes taut. When the system state reaches
Sp, the system will trigger an inelastic collision between the
payload and the robot along the cable direction and transition to
Σp via the reset transition map Δz→p, which will be modeled in
the following.

Let the payload velocity and robot velocity that is orthogonal
to the cable direction be ẋL⊥, ẋ⊥ and those along the cable be
ẋL|| and ẋ||, respectively, therefore

ẋL = ẋL⊥ + ẋL||; , ẋ = ẋ⊥ + ẋ||,

ẋL|| = ξξ�ẋL, ẋ|| = ξξ�ẋ. (31)

After the collision, based on the momentum conservation prin-
ciple, the total system momentum along the cable direction is
preserved obtaining

mẋ+
|| +mLẋ

+
L|| = mẋ−

|| +mLẋ
−
L||. (32)

Moreover, the collision does not affect the payload’s and robot’s
momentum that is orthogonal to the cable direction. Hence, the
payload’s and robot’s velocity in the orthogonal direction to the
cable should remain unchanged.

Since we model the collision as a perfectly inelastic collision
along the cable direction, the projection of the payload’s and
robot’s velocity along the cable should be equal

ẋ+
|| = ẋ+

L||, ẋ
−
L⊥ = ẋ+

L⊥, ẋ
−
⊥ = ẋ+

⊥ . (33)

By substituting (31) and (33) into (32), we obtain that

ẋ+
|| = ẋ+

L|| =
mξξ�ẋ− +mLξξ

�ẋ−
L

m+mL
. (34)

B. Multiple Quadrotors

In this section, we model n quadrotors with a suspended
rigid-body payload as a hybrid system where the dynamical
model switches among n+ 1 different modes, Σj , j ∈ [0, n].
Σj and Σr represent the dynamical model considering j and
r taut cables, respectively. Subsequently, we model the entire
hybrid system as

Σj :

{
Ẋ = gj (X,U) , X �∈ Sr

X+ = Δj→r (X
−) , X ∈ Sr

, j, r ∈ [0, n] (35)

where Sr is the guard that will trigger the system states’ reset
transition from the system dynamics Σj to Σr via the transition
map Δj→r. We show an example of the hybrid system where
four quadrotors carry a suspended rigid-body payload in Fig. 7.

In the following, we first define the guard Sr. Let I′p be the
index set of the taut cables that become slack. On the other hand,
let I∗p be the index set of the taut cables whose length tends
to increase. Furthermore, let I′z be the index set of the slack
cables that reestablish tension. Using these three defined sets,
we can immediately obtain that I′p ⊆ Ip, I

∗
p ⊆ Ip, and I′z ⊆ Iz .

In addition, the cables in I′p and I′z will change the number of
taut cables, whereas those in I∗p will not affect them. Therefore,
after the system states at Σj reach the guard region Sr and the
corresponding reset finishes, the number of taut cables will be

r = j + |I′z| − |I′p| (36)

where | ∗ | is the size of a set. Now let dk represent the distance
between the kth quadrotor and its attach point on the payload

dk = ‖xk − pk‖2 . (37)

Then, the guard Sr can be defined as

Sr =

⎧⎨
⎩X

∣∣∣∣∣∣
(Xa,XL) ∈ Sz, a ∈ I′p,
(Xb,XL) ∈ Sp, b ∈ I′z,
(Xc,XL) ∈ Sp, c ∈ I∗p

⎫⎬
⎭ (38)

where

Sz = {(Xk,XL) | dk < lk}

Sp =
{
(Xk,XL) | dk = lk, ḋk > 0

}
. (39)

Further, let’s define the transition reset map Δj→r, which
has two main parts. The first part is the transition map for
the cables in I′p. Since when the cable becomes slack, it will
just change the dynamical model but not the system state, the
transition map for these cables is an identity map. The other is
the transition map for the cables in I′z and I∗p. We model this
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Fig. 7. Transition between subsystems when n = 4 as the cables become slack or reestablish tension based on our collision model developed in Section V-B.

transition as an inelastic collision. However, it is substantially
more complicated than the one in Section V-A since the collision
will affect not only the velocity of the payload’s center of mass
but also the angular velocity of the payload. First, we define
the impulse acting on the ith robot as δi, where i ∈ I′z

⋃
I∗p.

Based on the impulse-momentum theorem, the impulse on the
robot and payload equals the change in the robot’s and payload’s
momentum

δi = mi

(
ẋ+
i|| − ẋ−

i||
)
,
∑

−δi = mL

(
ẋ+
L − ẋ−

L

)
. (40)

In addition, the total impulse moment induced by δi equals the
change in the payload’s angular momentum∑

ρi ×
(−R�

Lδi
)
= JL(Ω

+
L −Ω−

L). (41)

Since we model the collision as inelastic, the projected velocity
of the robot ẋi|| and the corresponding projected attach point
velocity ṗi|| along the cable direction should be the same after
the collision

ẋ+
i|| = ṗ+

i|| = ξiξ
�
i ṗ

+
i . (42)

By differentiating both sides of (16) and substituting it into (40)
and (41) and considering (42), we can first obtain the linear
equations for the linear velocity ẋ+

L and angular velocity Ω+
L of

the payload as following:

J̄

[
ẋ+
L

Ω+
L

]
= b (43)

where

J̄ =

[
mLI3×3 +Σmiξiξ

�
i −Σmiξiξ

�
i RLρ̂i

Σmiρ̂iR
�
Lξiξ

�
i JL − Σmiρ̂iR

�
Lξiξ

�
i RLρ̂i

]

b =

[
mLẋ

−
L +Σmiξiξ

�
i ẋ

−
i

JLΩ
−
L +Σmiρ̂iR

�
Lξiξ

�
i ẋi

]

and I3×3 ∈ R3×3 is an identity matrix.

Theorem 1: The term

[
ẋ+
L

Ω+
L

]
in the (43) will always have a

nonzero solution for any nonzero b.
Proof: Let

Ai = A�
i = ξiξ

�
i , Bi = ρ̂iR

�
L. (44)

Note that ρ̂i is a skew-symmetric matrix and we further have

B�
i = −RLρ̂i. (45)

Then, we can rewrite the matrix J̄ as

J̄ =

[
mLI3×3 0

0 JL

]
+ΣmiJ̄i (46)

where

J̄i =

[
Ai AiB

�
i

BiAi BiAiB
�
i

]
. (47)

The first matrix on the right-hand side of (46) is invertible since
both mLI3×3 and JL are positive definite diagonal matrices.
Next, we would like to prove that J̄i is positive semidefinite. If
J̄i is positive semidefinite, then, the matrix J̄ is positive definite
and invertible. And further, Theorem 1 is proven. To verify that
J̄i is positive semidefinite, we first know that J̄i is a symmetric
matrix since Ai is symmetric. Then, for any nonzero vector
x ∈ R3, we have

x�Aix =
(
x�ξi

)2 ≥ 0 ⇒ Ai ≥ 0. (48)
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HenceAi is a positive semidefinite matrix. Let the singular value
decomposition of Ai be

Ai = UΣV � (49)

where U and V are orthogonal matrices and Σ is a diagonal
matrix

Σ = diag (σ1, . . . , σr, 0, . . . , 0) (50)

where σ1 ≥ · · · ≥ σr > 0 and r is the rank of Ai. Then, the
pseudo-inverse of Ai, denoted as A†

i , is as in [43]

A†
i = V Σ†U�. (51)

Then, we will have

AiA
†
iAi = Ai. (52)

Using (52), we can prove the following:(
I3×3 −AiA

†
i

)
AiB

�
i = AiB

�
i −AiB

�
i = 0 (53)

and

BiAiB
�
i − (

AiB
�
i

)�
A†

i

(
AiB

�
i

)
= BiAiB

�
i −BiAiB

�
i = 0 ≥ 0. (54)

Then, according to [44], as we have (48)–(54), we can conclude
that J̄i ≥ 0. Sincemi > 0, thus, the matrix J̄ is positive definite,
and invertible. Theorem 1 is proven. �

From (43), we can obtain
[
ẋ+
L

Ω+
L

]
= J̄−1b. (55)

We can substitute the solution in the (55) into (42) and obtain
the solution for ẋ+

i||

ẋ+
i|| = ξiξ

�
i

(
ẋ+
L −RLρ̂iΩ

+
L

)
. (56)

The collision occurs along the cable direction, thus, the robot
velocity that is vertical to the cable direction ẋ+

i⊥ = ẋ−
i⊥. Hence,

the robot velocity after the collision ẋ+
i is

ẋ+
i = ẋ+

i|| + ẋ+
i⊥ = ξiξ

�
i

(
ẋ+
L −RLρ̂iΩ

+
L

)
+ ẋ−

i⊥. (57)

VI. TRAJECTORY PLANNING AND CONTROL

A. Trajectory Generation

The user can generate a circular trajectory for the payload
position in the horizontal x− y plane at the height of hc, such
as the following:

xL,des(t) =
[
r cos 2πt

Tc
r sin 2πt

Tc
hc
]�

(58)

where Tc is the trajectory’s period and r is the radius of the
circular trajectory.

In RotorTM, the user can also generate a minimum-kth-
derivative [45] trajectory made by a series of polynomial trajec-
tories xL,des(t) given m waypoints xL,des,0, . . . ,xL,des,m that
we want the payload to navigate through at time t0, . . . , tm,

respectively

xL,des(t) =

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

∑N
n=0 cn1dt

n if t ∈ [t0, t1]

· · ·∑N
n=0 cnidt

n if t ∈ [ti−1, ti]

· · ·∑N
n=0 cnmdt

n if t ∈ [tm−1, tm]

(59)

where cn1d, . . . , cnid, . . . , cnmd are the coefficients of the poly-
nomials. The trajectory is determined by minimizing the total
square norm of the kth order derivative

arg minxL,des

∫ tm

t0

∥∥∥∥d
kxL,des(t)

dtk

∥∥∥∥
2

dt. (60)

B. Control

We describe the controllers for the systems in our simulator.
1) Single Quadrotor: We present the geometric controller

for a point-mass cable-suspended payload with a single quadro-
tor [27]. The desired force acting on the payload is

Fdes = (m+mL)

(
KpexL

+KdeẋL
+Ki

∫ t

0

exL
dτ

)

+ (m+mL) (ẍL,des + g) +ml
(
ξ̇ · ξ̇

)
ξ (61)

where Kp,Kd,Ki ∈ R3×3 are diagonal gain matrices and
exL

, eẋL
∈ R3 are the payload position and velocity errors

defined as

exL
= xL,des − xL

eẋL
= ẋL,des − ẋL. (62)

Since the desired force Fdes is exerted by the tension cable,
it defines the desired tension force vector. Hence, the desired
tension direction ξdes can be obtained as can be obtained as

ξdes =
Fdes

‖Fdes‖2
. (63)

Then, the thrust f and moment M acting on the quadrotor are

F = mlξ×
[
−Kξeξ−Kωeω−(ξ · ωdes)ξ̇ − ξ̂

2
ω̇des

]
+ ξξ�Fdes

f = F ·Re3 (64)

M = KReR +KΩeΩ +Ω × JΩ

− J
(
Ω̂R�RdesΩdes −R�RdesΩ̇des

)
(65)

where KR,KΩ,Kξ ,Kω ∈ R3×3 are diagonal gain matrices,
eR, eΩ ∈ R3 are quadrotor’s orientation, angular velocity errors
defined as

eR =
1

2

(
R�Rdes −R�

desR
)∨

eΩ = R�RdesΩdes −Ω (66)

and eξ , eω ∈ R3 are cable direction, cable velocity errors de-
fined as

eξ = ξdes × ξ, eω = ω + ξ × ξ × ωdes. (67)
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2) Multiple Quadrotors With Cables: We introduce the
geometric controller for cooperative manipulation of cable-
suspended payload with n quadrotors [13], [42]. The desired
forces and moments acting on the payload are

Fdes = mL

(
KpexL

+KdeẋL
+Ki

∫ t

0

exL
dτ + ẍL,des + g

)

Mdes = KRL
eRL

+KΩL
eΩL

+ JLR
�
LRL,desΩ̇L,des

+
(
R�

LRL,desΩL,des
)∧

JLR
�
LRL,desΩL,des (68)

where Kp,Kd,Ki,KRL
, KΩL

∈ R3×3 are diagonal control
gains, exL

, eẋL
are the payload position, velocity error defined

in (62), eRL
, eΩL

∈ R3 are the payload orientation and angular
velocity errors defined as

eRL
=

1

2

(
R�

LRL,des −R�
L,desRL

)∨
eΩL

= R�
LRL,desΩL,des −ΩL. (69)

The force and moment are, then, distributed to the tensionsμk,des
along each cable as⎡
⎢⎣
μ1,des

...
μn,des

⎤
⎥⎦ = diag (RL, . . . ,RL)P

� (PP�)−1
[
R�

LFdes

Mdes

]

where P is a constant matrix defined as follows:

P =

[
I3×3 I3×3 · · · I3×3

ρ̂1 ρ̂2 · · · ρ̂n

]
. (70)

Based on the desired tension forces, we can obtain the desired
direction ξk,des and angular velocity ωk,des of the kth cable link
as

ξk,des = − μk,des

‖μk,des‖ , ωk,des = ξk,des × ξ̇k,des (71)

where ξ̇k,des is the derivative ofξk,des. The thrustfk and moments
Mk acting on the kth quadrotor are

fk = uk ·Rke3 =
(
u
‖
k + u⊥

k

)
·Rke3

Mk = −KReRk
−KΩeΩk

+Ωk × JkΩk (72)

where, KR and KΩ are diagonal control gains, eRk
and eΩk

are
the quadrotor’s orientation and angular velocity errors defined
in (66), and u⊥

k and u
‖
k are designed as

u
‖
k = ξkξ

�
kμk,des +mklk ‖ωk‖2 ξk +mkξkξ

�
kak ,c

u⊥
k = mklkξk ×

[
−Kξk

eξk
−Kωk

eωk
− (ξk · ωk,des)ξ̇k

]

−mklkξk × ξk × ξk × ω̇k,des −mkξk × ξk × ak ,c

whereKξk
,Kωk

∈ R3×3 are diagonal control gains,eξk
, eωk

∈
R3 are the cable direction and angular velocity errors of the kth
cable similarly defined in (67).

3) Multiple Quadrotors With Rigid Links: We introduce the
controller for cooperative manipulation of payload with n
quadrotors via rigid links [9]. The total desired thrust and
moment generated by the n quadrotors are

fc = mc (Kpexc
+Kdeẋc

+ ẍc,des + g)Rce3

Mc = KRc
eRc

+KΩc
eΩc

+ JcR
�
c Rc,desΩ̇c,des

+
(
R�

c Rc,desΩc,des
)∧

JcR
�
c Rc,desΩc,des (73)

whereKp,Kd,Ki,KRc
, andKΩc

∈ R3×3 are diagonal control
gains and exc

, eẋc
, eRc

, eΩc
∈ R3 are the structure position,

velocity, orientation, and angular velocity errors, respectively,
defined in [9]. The thrust and moment allocation for each quadro-
tor is defined by solving an optimization problem as in [9].

VII. RESULTS

In this section, we present the results of our simulator. We
first show several trajectory tracking results in the simulation
with different types of vehicles/payload configurations as well
as different types of robots. We obtain the inertial parameters
of the payload and the quadrotor platform for the simulation
from SOLIDWORKS and AutoDesk Fusion 360 software. Sub-
sequently, we compare the trajectory tracking results obtained
in simulation with real-world experiments to fully validate our
models as well as control and planning algorithms.

We conduct real-world experiments at the Agile Robotics and
Perception Lab, New York University in a 10 × 6 × 4 m3 flying
arena with “Dragonfly” quadrotor platforms [46] equipped with
a QualcommSnapdragonTM board for onboard computing. They
have been used for aerial transportation and manipulation tasks
with cable mechanisms and rigid link mechanisms in our pre-
vious works [9], [47], [48], [49]. In addition, in the real-world
settings, a Vicon1 motion capture system is leveraged to record
the ground truth data for comparison with simulation results at
100Hz. To perform a fair comparison between our simulator
and real-world settings, we use the same inertial parameters
of the payload and the quadrotor platform in both scenarios.
In addition, we also employ the same controller gains in both
cases. Finally, we follow the same approach to validate our
hybrid system and collision models. In this way, we validate
our simulator’s accuracy, efficacy, and reasonable fidelity with
respect to real-world systems. The experiments prove that the
simulator can closely mimic real-world systems and can be
leveraged to ease the deployments of such complex systems.

A. Payload Transportation and Manipulation

1) Simulation Results and Analysis: In the following, we
present quantitative and qualitative results from the tests on
RotorTM. We test a variety of robot team setups in the simu-
lator including homogeneous quadrotor teams, heterogeneous
quadrotor teams, and quadrotor teams with different cable
lengths. We also perform several tests with adding the noise in
the feedback to the controller. The following results validate
the trajectory planning and control in the RotorTM and the
RotorTM’s capability to simulate different robot setups for aerial
transportation and manipulation.

Single robot and homogeneous robot team: We show trajec-
tory tracking experiment results in the simulation where a robot
or a homogeneous robot team controls the payload to track
circular trajectories and slalom trajectories and concurrently to
track the desired payload orientation if a rigid-body payload
is being carried. In addition, the experiments do not include
noise in the feedback loop. We test the following systems: i) A

1[Online]. Available: www.vicon.com
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Fig. 8. Payload’s slalom trajectory tracking results in RotorTM for our sample systems with tf = 20 s.

Fig. 9. Payload’s circular trajectory tracking results in RotorTM for our sample systems with r = 1m, Tc = 10 s, and hc = 1m.

“Dragonfly” quadrotor carrying a payload via a cable; ii) Three,
four, six “Dragonfly” quadrotors carrying a payload via cables;
iii) Three “Dragonfly” quadrotors carrying a payload via rigid
links.

The plots of payload’s position and velocity tracking results
for the slalom trajectory when tf = 20 s and circular trajectory
when r = 1m, Tc = 10 s, and hc = 1m are shown in Figs. 8
and 9. As we can observe, the trajectory generator can generate
a smooth trajectory for the payload. The controllers of all three
systems can control the payload to track the desired position and

velocity with small tracking errors in all Cartesian dimensions.
The trajectory tracking tests’ position and orientation root mean
square error (RMSE) are reported in Table III. Our attached mul-
timedia material2 presents the results of four and six quadrotors
carrying a payload via cables, where both systems show similar
tracking performances. We also conduct experiments where a
homogeneous team of “Dragonfly” quadrotors manipulates the
payload via both cables and rigid links to rotate around the

2[Online]. Available: https://youtu.be/jzfEVQ3qlPc
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TABLE III
SIMULATION PAYLOAD POSITION AND ORIENTATION TRACKING RMSE IN (M)/(◦) WITH AND WITHOUT FEEDBACK LOOP NOISE

Fig. 10. Payload’s yaw angle tracking results in RotorTM with two different
systems: i) Three “Dragonfly” quadrotors via 1 m cables (green). ii) Three
“Dragonfly” quadrotors via rigid links (blue).

different axis periodically. As the system with rigid links is a
nonholonomic system, the roll and pitch motion are tightly cou-
pled with the motion in the x and y Cartesian directions. Hence, in
this section, we only show and compare the plots of the payload
rotating around the z-axis, i.e, yaw orientation in Fig. 10, with
both rigid links and cable mechanism. In later Section VII-A2,
we will show the results of rotation manipulation in roll, pitch,
and yaw using multiple quadrotors via cables in both simulation
and real-world experiments.

In Fig. 10, the orientation is expressed using the Euler angles
“ZYX” convention, where φ, θ, ψ are the Euler angles corre-
spond to roll, pitch, and yaw, respectively. As we can observe
from the plots, both quadrotor teams with cable and rigid link
mechanisms can manipulate the payload to track the desired
periodic yaw trajectory closely, validating the manipulation
capability of the system.

Different cable length: We further conduct payload trajectory
tracking experiments in simulation using different cable lengths.
In this set of experiments, we use a homogeneous robot team
that consists of “Dragonfly” quadrotors only. We tested three

TABLE IV
ROBOT TYPES AND PARAMETERS

cases: i) All three quadrotors use 1m cable; ii) Two quadrotors
use 1m cable, whereas one quadrotor uses 0.5m cable; and iii)
One quadrotor uses 1.2m cable, one quadrotor uses 1m cable,
and one quadrotor uses 0.8m cable.

The plots of the payload’s position and velocity tracking
results for a circular trajectory when r = 1m, Tc = 6 s, and
hc = 1m are shown in Fig. 11. The controllers of all three
systems can control the payload to track the desired position and
velocity with minor tracking errors in all Cartesian dimensions.
This demonstrates that our simulator can deploy and simulate a
robot team with different cable lengths for aerial transportation
and manipulation.

Heterogeneous robot team: In the following, we conduct
payload trajectory tracking experiments in simulation using
cooperative heterogeneous robot teams via cable or rigid link
mechanisms. In these experiments, the heterogeneous robot
team will transport the payload to take off to 1 m height and
track the circular trajectories, simultaneously controlling the
payload’s orientation to the desired orientation. The heteroge-
neous robot team tested in these experiments consists of one
“Dragonfly” [46], [47], [48], one “Hummingbird” [45], and one
“Race” quadrotor (customized quadrotor platform in ARPL with
5-inch propeller), with parameters shown in Table IV.

The plots of payload’s position and velocity tracking results
for circular trajectory when r = 1m, Tc = 6 s, and hc = 1m
are shown in Fig. 12. The controllers of all three systems can
maneuver the payload to track the desired position and velocity
with minor tracking errors in all Cartesian dimensions. This
shows that our simulator can deploy and simulate heterogeneous

Authorized licensed use limited to: University of Pennsylvania. Downloaded on February 21,2024 at 04:45:27 UTC from IEEE Xplore.  Restrictions apply. 

IEEE Transactions on Robotics (T-RO) paper, presented at ICRA 2024, Yokohama, Japan. Cite as T-RO paper.

IEEE Transactions on Robotics (T-RO) paper, presented at ICRA 2024, Yokohama, Japan. Cite as T-RO paper.



LI et al.: ROTORTM: A FLEXIBLE SIMULATOR FOR AERIAL TRANSPORTATION AND MANIPULATION 843

Fig. 11. Payload’s straight line and circular trajectory tracking results in simulation with homogeneous length and heterogeneous length. The robots first takeoff
the payload to 1m of height and transport the payload to track the circular trajectory with r = 1m, Tc = 6 s, and hc = 1m.

Fig. 12. Payload’s straight line and circular trajectory tracking results in simulation with heterogeneous robots. The robots first takeoff the payload to 1m height
and transport the payload to track the circular trajectory with r = 1m, Tc = 6 s and hc = 1m.

robots with different dynamic properties for aerial transportation
and manipulation.

Noise in the feedback loop: Finally, we compare payload
trajectory tracking results in simulation with and without the
presence of noise in the feedback loop. In this set of experiments,
we use a homogeneous robot team that consists of “Dragonfly”
quadrotors only. We test the following systems: i) A quadrotor
transporting a payload via a cable; ii) Three quadrotors carrying
a payload via cables; and iii) Three quadrotors carrying a payload
via rigid links.

As shown in Fig. 2, we can add noise on the system state vector
X(t) from the state integration block. Here, we add zero-mean
Gaussian noise N with zero mean and covariance QN as

X̄(t) = X(t)⊕N, N ∼ N (0, QN) (74)

where ⊕ performs the mapping between the manifold and the
tangent space, such that we can use them similarly to + in the
vector space. For most of the states in X(t), such as position,
velocity, and angular velocity, we sample the noise from the
Gaussian distribution in the vector space and directly add it
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Fig. 13. Comparison between real-world and simulation experiments. In this case, we show the tracking results in both real world and simulation of three
“Dragonfly” quadrotors carrying a suspended triangular payload via 1 m cables to track a circular trajectory with a period of 6 s and a radius of 1 m.

componentwise. For the orientation q in X(t), we sample the
noise σq from the Gaussian distribution in the vector space
and map it to the quaternion manifold via the corresponding
exponential function [50] and add it to the orientation q as

q⊕ σq := q⊗ expq

(σq

2

)
(75)

where ⊗ denotes the quaternion product. We set the standard
deviation of the Gaussian distribution as 10−3 and test the
same trajectories as those we report in Table III. The trajectory
tracking tests’ position and orientation RMSE are reported in
Table III accordingly. The controllers of all three systems can
control the payload to track the desired Cartesian trajectory
and orientation with minor tracking errors and showing similar
performance and accuracy as in the case of absence of noise.

2) Real-World Versus Simulation Comparison: In this sec-
tion, we compare simulation and real-world experiments to
validate our controller, trajectory planner, and simulator mod-
els. We use the same “Dragonfly” quadrotor platform in both
simulation and real-world environments, which has been used
in our previous works [9], [13], [47], [49]. The state feedback
and ground truth in the real-world experiments are provided by
the Vicon system at 100Hz.

To ensure a fair comparison between simulation and real-
world settings, we use the same control gains for both payload
controller and robot controllers in both simulation and real-
world scenarios. In addition, we also include the plots of absolute
error between the real-world data and simulation data in each
experiment, which show the fidelity of the simulator.

Transportation: In the transportation experiments, we test
and compare the results of i) Three “Dragonfly” quadrotors
transporting a suspended triangular payload whereas tracking a
circular trajectory generated by the circular trajectory generator,
ii) two “Dragonfly” quadrotors transporting a rigidly attached
bar payload to track a trajectory generated by minimum-kth-
derivative trajectory. In Case i), we conduct the real-world flight
in our flying arena and collect the corresponding data, whereas in
Case ii) we leverage real-world experiment data of our previous
work [9]. The experiment results are shown in Figs. 13 and 14
and the RMSE of trajectory position tracking are reported in
Table V.

In Table V, we notice that the tracking RMSE in the real world
is about 0.01m (1 cm) larger than the simulation ones. This is
reasonable because there are some additional unmodeled effects,
such as communication delays or disturbances in the real-world
environment, which are not simulated in RotorTM. Based on the
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Fig. 14. Comparison of real-world and simulation experiments of two quadrotors carrying a bar payload through rigid links to track a trajectory generated by the
minimum k-th derivative trajectory generators.

TABLE V
SIMULATION VERSUS REAL-WORLD PAYLOAD TRANSPORTATION TASK

POSITION TRACKING RMSE (M)

results, we can conclude that the real-world and simulation ex-
periments have similar tracking errors in both payload’s position
and velocity, therefore, validating our simulator.

Manipulation: We also conduct the payload manipulation task
in both simulation and real-world environments for comparison.
We test that the “Dragonfly” robot team cooperatively rotates
the payload’s yaw, pitch, and roll orientation periodically via
cables. The orientation tracking RMSE along the periodic rota-
tion direction in degrees is reported in Table VI. The periodic

TABLE VI
SIMULATION VERSUS REAL-WORLD PAYLOAD MANIPULATION TASK TRACKING

RMSE (◦) USING MULTIPLE QUADROTORS WITH CABLE MECHANISMS

orientation trajectory tracking results in all three dimensions
have been shown in Fig. 15.

Table VI shows that the orientation tracking RMSE in the real
world generally is about 1◦–2◦ larger than the simulation ones.
These are reasonably small errors. Based on the results, we can
conclude that the real-world and simulation experiments have
similar tracking errors in the payload’s orientation, validating
our simulator.

B. Hybrid System

1) Simulation Results: We show and validate the inelastic
collision simulation results of the system with a single “Drag-
onfly” quadrotor transporting a point-mass payload via a 0.5 m
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Fig. 15. Comparison between real-world and simulation experiments. In this case, we show the tracking results in both real world and simulation of three
“Dragonfly” quadrotors carrying a suspended triangular payload via 1 m cables to cooperatively rotate the payload’s yaw, pitch, and roll orientation periodically.

Fig. 16. Simulation results of a single robot with cable-suspended payload.
The cable transition from slack to taut condition at the moment denoted by the
red dashed line, and the collision between the robot and the payload occurs.

cable in Fig. 16. We release the quadrotor at the height of 1m
and the payload with a distance of 0.3 m from the quadrotor,
which is shorter than the taut cable length 0.5 m. Furthermore,
the direction from the payload to the quadrotor is 30◦ from the
e3 of the world frame I. As we can observe in Fig. 16, the
collision happens when the distance between the payload and
quadrotor ‖x − xL‖2 reaches 0.5 m denoted by the red dotted
line. After the collision, the norm of the relative velocity between
the quadrotor and payload projected on the cable ‖ẋ|| − ẋL||‖2

Fig. 17. Simulation results of multiple robots with cable suspended payload.
The cable at the front robot transitions from slack to taut condition at the moment
denoted by the red dashed line, and the collision between the robot and the
payload occurs.

becomes zero. And the relative velocity orthogonal to the cable
direction remains the same when the collision occurs. Subse-
quently, the controller will recover the payload position to its
desired hovering position.

Similarly, we show and validate the inelastic collision simu-
lation results of the system with three “Dragonfly” quadrotors
carrying a rigid-body payload via 1.05 m cables as shown in
Fig. 17. We initialize the system in the simulator with recorded
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Fig. 18. Real-world experiments where we poke the payload with a wand at one of the payload’s corners. We record the system states using the Vicon motion
capture system and initialize our simulator with the recorded state when the cable is slack. A video of both real-world experiment and simulation can be found at
this link: https://youtu.be/jzfEVQ3qlPc. (a) Before poking the payload, the cable in front is taut. (b) During poking the payload, the cable in front becomes slack.
(c) After poking the payload, the cable in front returns taut and reestablishes tension.

Fig. 19. Payload velocity (real-world versus simulation) and the corresponding error plots. As shown in the figure, we observe the payload linear velocity in
simulation reaches similar values compared with the ones in the real world, proving the simulator can simulate the hybrid system transition with fidelity.

states from Vicon in the corresponding real-world experiment
when the front cable becomes slack. This ensures a fair compar-
ison with real-world data to fully validate our model. As shown
in Fig. 17, the collision happens when the distance between the
payload attach point and quadrotor ‖xk − pk‖2 reaches 1.05 m
denoted by the red dotted line. After the collision, the norm of the
relative velocity between the quadrotor and payload projected
on the cable ‖ẋk|| − ṗk||‖2 becomes zero. Subsequently, the
controller recovers the payload position and orientation to the
desired pose.

2) Real-World Versus Simulation Comparison: In this sec-
tion, we compare the results from the real world and the sim-
ulation to prove the ability of our simulator to closely mimic
real-world systems using our hybrid system collision model in
the challenging case of an aerial transportation system made of
three quadrotors.

As shown in Fig. 18(a), we hover three “Dragonfly” quadro-
tors with a triangular suspended payload via three 1.05 m long
cables. The controller used in real-world experiments is the
same as the one we introduce in Section VI-B2. We use a
Vicon motion capture system to provide state feedback to the
proposed controller and record the system states as well. While
the system is hovering, we poke the payload’s front corner with
a long stick to make the payload pitch upward, leading the
front cable to be slack as shown in Fig. 18. The cable becomes
taut at a later stage after the quadrotors adjust themselves to
make the cable taut and control the payload back to the desired
hovering state. We, then, initialize the system in the simulator
with the same parameters and the recorded states from Vicon in
the corresponding real-world experiment when the front cable
becomes slack. The results from the real-world experiment and
simulation are shown in Figs. 17, 19, and 20.
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Fig. 20. Payload angular velocity (real-world versus simulation) and the corresponding error plots. As shown in the figure, we observe the payload angular
velocity in simulation reaches similar values compared with the ones in the real world, proving the simulator can simulate the hybrid system transition with fidelity.

In Figs. 19 and 20, we can observe how the payload’s velocity
and angular velocity changes when the front cable transitions
from slack to taut in both simulation and real-world experiments.
The red dash lines in both figures represent the moment when
the front cable becomes taut from slack in the simulation.

The plots show that the payload linear and angular velocity
trends before and after the collision in both the real-world data
and simulation data are closely aligned. Further error plots show
that the errors between the real-world data and simulation data
are bounded and converge to zero in the end. We believe that
an error within this range is acceptable for the purposes of our
research and provides a substantial level of accuracy for users of
our simulator. We also show in the attached multimedia material
the entire testing procedure, additional experiments, and the
collision simulation of multiple quadrotors carrying a rigid body
payload where two cables transition from slack to taut.

VIII. CONCLUSION

In this article, we proposed a simulator for aerial transporta-
tion and manipulation including single and multiple physically
interconnected quadrotors via passive mechanisms, such as ca-
bles and rigid links. This work marks the first instance of a full
hybrid system dynamics model that incorporates slack and taut
suspended cables between multiple quadrotors and payload. Our
model includes a collision model for transient dynamics between
two different system states, supported by a proven closed-form
analytical solution.

Furthermore, we have developed trajectory planners and con-
trollers for aerial manipulation with passive mechanisms and
provided user-friendly interfaces to utilize these modules. The
simulator also allows for the loading of a diverse range of system

setups, making the simulator a versatile tool for both research
and educational purposes. To foster innovation and collaboration
within the community, we have made the simulator and its
corresponding algorithms open-source.

We validated RotorTM’s effectiveness and fidelity through
approaches and the overall simulation framework with a series
of real-world and simulated experiments, including trajectory
tracking and hybrid dynamics. The results demonstrate the
capability of our modeling, planning, and control approaches
to accurately simulate hybrid dynamics and enable payloads to
follow trajectories generated by our motion planner.

While our simulator has shown sufficient fidelity and provides
flexible interfaces for researchers, we acknowledge that there are
areas for further enhancement. Currently, the simulator does not
include motor dynamics, and it does not account for external
drag forces acting on the payload and the MAVs. Moreover,
the current version is limited to quadrotors. In future iterations,
we plan to incorporate low-level rotor dynamics and relevant
rotor drag forces. We also aim to extend the range of aerial
robots to include other types of aerial robots, such as hexacopters
and octocopters. We want to stress that the proposed simulator
should not be considered a monolithic solution, and we hope, by
sharing this framework, to encourage the robotics community to
collaborate and contribute by adding additional functionalities
that may be helpful for different purposes.

Looking ahead, we envision endowing our simulator with
photo-realistic features to support data collection for robotics
and machine learning communities focused on learning and
navigation for aerial transportation and manipulation. We also
plan to extend the simulator to include active manipulation
mechanisms, thereby broadening its appeal and usability within
the community.
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