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Abstract

This paper presents the design, development, and validation in indoor scenario of an aerial delivery system intended to conduct
the delivery of light parcels directly to the user through the window of his/her home, motivated by the convenience of facilitating
the access to medicines to people with reduced mobility. The system consists of a fully-actuated multi-rotor (FAMR) equipped
with a front basket where the parcel to be delivered is loaded by a lightweight and compliant anthropomorphic dual arm
system (LiCAS) located at the supply point, using one of the arms to drop the parcel in the basket while the other arm holds its
base to support the sudden moment exerted at the FAMR. The paper analyses four types of physical interactions raised during
the operation on flight: (1) sudden changes in the mass distribution of the FAMR during the load/unload phase, affecting the
multi-rotor position-attitude controllers, (2) impact and impulsive forces exerted by the human on the FAMR to demonstrate
the reliability and robustness of conventional cascade controllers, (3) passive accommodation of the LiCAS while holding
the FAMR during the parcel load, relying on the mechanical joint compliance, and (4) compliant human—-FAMR interaction,
interpreting the multi-rotor pose control error as a Cartesian/angular deflection to implement an admittance controller that
allows the user guiding the platform. Experimental results allow the identification and characterization of these effects for
different payload masses. The execution of the complete operation, involving the parcel load with the LiCAS and handover
by the user through a window, is validated in a representative indoor scenario.
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1 Introduction

Providing fast response and continuous service of medicine
delivery to people at home is highly desirable in emergency
situations in urban or rural environments [ 1-4], particularly at
night when the availability of health centers and pharmacies
is lower. Furthermore, the increasing aging of the world’s
population along with the high rates of people of reduced
mobility makes necessary the development of novel solu-
tions for delivering light parcels such as medicines directly
to the user’s home [5]. Given the complexity and density of
obstacles typical of urban environments [6, 7], and despite
the significant advances in autonomous navigation of ground
robots [8—13], these platforms may not be suitable for fast
operation, taking also into account the difficulties or impossi-
bility of accessing the interior of the buildings, particularly in
multi-storey buildings. In this sense, aerial robots can benefit
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from their ability to fly and reach the user’s home through its
window, avoiding all these inconveniences, while contribut-
ing to the comfort of the users who can receive directly the
parcel [14], at expenses of providing lower payload capac-
ity and flight time compared to ground platforms [15, 16].
What should be further investigated is the physical interaction
of the human user with the aerial platform during the aerial
delivery operation [17-19], taking into account that the flight
controller should be robust to sudden changes in the payload
as well as to pushing/pulling forces exerted by the human
user [20, 21]. What is more, the combination of aerial robots
with collaborative ground manipulators [22, 23] integrated
in human workspaces allows the realization of autonomous
parcel load and delivery operations [24]. This is the main
concept of the aerial delivery system developed in this work,
depicted in Fig. 1.
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Fig. 1 Through-window aerial delivery system consisting of fully
actuated multi-rotor (FAMR) and lightweight and compliant anthro-
pomorphic dual arm system (LiCAS) located in the supply area used to
load the parcel in the FAMR with the left arm while the right arm holds
the basket base

1.1 Practical Issues in Aerial Parcel Delivery

Although the use of drones for last mile parcel delivery is
quite extended nowadays, there exist relevant practical and
safety issues that limit this application in dense urban envi-
ronments [25], like most cities and mid size towns. First of
all, unless the parcel is dropped or detached from a cable
[26-30], the aerial platform should land in an area specifi-
cally enabled for it [31], possibly on the roof of the buildings
to avoid interfering with the pedestrians or the road traf-
fic. This solution can be suitable and adopted in hospitals
and some markets dealing with light loads such as book-
stores or clothes shops, but it constraints the access of the
parcel for the people in general. What is more, this is not
ergonomically comfortable as the user should bend down
to pick up the parcel from the floor. Second, the potential
damage that an aerial delivery platform flying in urban envi-
ronment might cause increases considerably with its weight
[32], which is basically determined by the payload capacity.
Thus, it is preferable to deploy relatively low weight drones
in terms of safety [33], taking into account however that the
integration of on-board sensors and devices for navigation
[34, 35] such as cameras, LiDAR, computers, batteries, the
payload itself and the delivery mechanism, impose a typical
minimum overall weight in the range of hundreds of grams or
few kilograms. Third, considering human-centered aspects,
the aerial robot should be able to interact safely with the

user, providing a certain level of multi-modal accommoda-
tion during the delivery task, in terms of gesture recognition
and, more importantly, physical interaction on flight [20, 36].

1.2 Design of Aerial Delivery Robots

Literature review on aerial delivery robots [37] evidences
a wide variety of mechanisms and platforms designed for
this purpose, consisting of small-medium scale multi-rotors
equipped with grippers [38] or robotic arms [39]. Three con-
figurations can be distinguished depending on whether the
parcel is attached at the base of the aerial platform [24, 40,
41], grasped by the manipulator [39], or if it is suspended
from a cable [27-29]. The aerodynamic influence of the par-
cel location on the multi-rotor platform is analyzed in [41],
whereas [42] proposes an adaptive controller to compensate
variations in the position of the carried load when this is
not correctly secured. The undesired swing effect of cable
suspended loads requires the design of trajectory generation
and tracking control methods as described in [43]. Reference
[18] presents the design of a cable suspended dual arm aerial
manipulator intended to deliver hand tools to human opera-
tors working on high altitude power lines (aerial handover),
separating the arms from the multi-rotor base to increase the
separation distance between the human and the propellers.
Protecting the user from the proximity of the propellers is
also critical to prevent injuries [44], which typically involves
introducing light shielding structures that reduce the effec-
tive payload capacity of the aerial platform. In case the aerial
delivery operation is conducted on flight with robotic manip-
ulators rigidly attached to the multi-rotor base, it is necessary
to account for the interaction forces that the human user may
exert on the multi-rotor [21] when grasping the parcel.

Among the diverse configurations and morphologies of
aerial platforms that can be designed [45], fully actuated
multi-rotors (FAMR) [46, 47] are particularly suitable for
the intended application due to their ability to decouple the
position and attitude control, since it could result uncomfort-
able for the user if the parcel is tilting while the platform is
changing its position during the handover operation. More
importantly, it is highly desirable that the aerial platform is
able to maintain its position despite the user may exert tilt-
ing moments in the platform that could lead to a collision as
may occur with co-planar configurations due to the coupled
dynamics. Note however that the maximum tilting angle that
fully actuated multi-rotors can reach while maintaining the
position fixed is limited (around 10-20 deg) and determined
by the configuration of the rotors in the frame structure, being
a trade-off with the maximum horizontal force that can be
generated while maintaining the attitude fixed.
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1.3 Lightweight and Compliant Manipulators for
Parcel Load

The problem of loading the aerial robot with the parcel to be
delivered can be solved in two ways [37]. On the one hand,
the aerial robot can be equipped with a grasping mechanism
or manipulator capable to take the parcel from the supply
point, becoming an aerial robotic manipulator [39]. Although
the weight of simple grippers [48] and other grasping mecha-
nisms [38] is relatively low, the convenience of incorporating
these is affected by three factors: the reduction of the effective
payload capacity due to the added weight, the lack of reach of
grippers that impose a high positioning accuracy of the aerial
platform for grasping the load (if this can be accessed), and
the aerodynamic downwash interaction with moving objects
underneath if these are not properly grabbed at the supply
point. On the other hand, the aerial robot can benefit from the
dexterous manipulation capabilities of robotic arms located
at the supply point used to load the parcel and even assist the
aerial platform in the landing maneuver [49, 50].

Taking into account the convenience of deploying low
weight aerial platforms in dense urban areas due to safety
reasons, the weight of the payload will be limited to few
grams or hundreds of grams, so very low weight robotic
manipulators are more suitable for this purpose [51, 52] than
heavy industrial manipulators with high payload capacity,
which contributes to reduce implementation costs and facil-
itates their integration in human workspaces. Mechanical
joint compliance is a highly convenient feature for a robotic
manipulator physically interacting with an aerial platform
on flight since the passive accommodation provides a cer-
tain tolerance to position deviations [53]. A compliant dual
arm also allows to conduct bimanual manipulation tasks in
close kinematic chain, using for example one of the arms for
grabbing while the other executes the task [54], as shown in
Fig. 1.

1.4 Human-Robot Interaction (HRI)

The aerial delivery of a parcel using a drone is expected to
be a fast operation involving both visual [55] and physical
[56] interaction between the human user and the robot, so
the handover can be performed in a natural and intuitive way
for the customer, taking into account that nowadays people is
not familiar to this kind of service. Therefore, it is expected
that users tend to adopt behaviours and gestures typically
employed when interacting with a delivery man/woman. The
noise generated by multi-rotor propellers when flying makes
verbal communication between the human and the aerial
robot less convenient [57, 58]. Therefore, communication
between the aerial robot and the human should rely mainly
on visual signals and gestures, and possibly through simple
graphical user interfaces displayed on the mobile phone of
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the user, for example to confirm that he/she is the recipient
of the parcel. Deep learning methods have been applied in
[59] for recognizing hand gestures to control multi-rotors,
whereas reference [60] implements in real-time a method for
the detection of body and hand gestures for rescue UAVs
(Unmanned Aerial Vehicles). A survey on gesture languages
for human—-UAV interaction is presented in [61]. Reference
[62] provides a large dataset of aerial images taken by a multi-
rotor in urban-rural environments in different conditions, to
be used for benchmarking human behaviours models devel-
oped for UAVs.

Several safety aspects in physical human-robot interac-
tion were addressed in [63], from the early design phase of
the robot, the consideration of faults and possible injuries that
may arise, and the use of benchmarks for evaluating robots
performance. Reference [56] also provides an overview on
safe physical HRI, involving design and development prin-
ciples for compliant robot manipulators, comprising the
mechatronics, control, and motion planning. Few works
present experimental results of aerial robots physically inter-
acting on flight with humans due to the well-motivated
concerns in terms of safety and stability [17, 18, 20, 21].
An early work on physical human—quadrotor interaction was
presented in [17], proposing an admittance controller to allow
the user guiding the platform by exerting contact forces.
Authors in [20] consider the physical human—robot interac-
tion to address the problem of guiding a human through the
forces exerted by a tethered multi-rotor. Aerial tool delivery
(handover) to human workers in the context of power-line
maintenance operations was firstly presented in [18], using
cable-suspended aerial manipulators to increase safety with
respect to solutions in which the manipulator is attached
to the multi-rotor base [21]. It is expected that non expert
human users may exert (intentionally or not) wrenches that
might destabilize the aerial platform controller [64], caus-
ing a potential crash, and what is worst, injury the people.
However, as occurred with industrial robotic arms that were
traditionally isolated in cages to prevent the accidental inter-
action with human workers and that later raised the concept
of collaborative robots, aerial robots should be also able to
interact closely with the people, involving a certain ability to
support impacts, collisions, or pushing forces.

1.5 Main Contribution and Novelties

This paper presents the design, development, and experimen-
tal validation of an aerial delivery system, depicted in Fig. 1,
consisting of a lightweight and compliant anthropomorphic
dual arm system (LiCAS) that supplies with light parcels such
as medicines a fully actuated multi-rotor (FAMR) capable to
deliver them directly to the user’s home through the win-
dow of her/his building. The paper considers two types of
interactions:
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1. Physical interaction between the LiCAS and the FAMR
during the parcel load phase conducted on flight, using
one of the arms of the LiCAS to hold the basket of the
FAMR while the other arm drops the parcel.

2. Human-FAMR interactions on flight, including impulsive
forces and perturbations in grabbing situations, as well as
interaction forces exerted by the user to guide the aerial
platform during the handover operation.

Position and attitude deviations experimentally identified in
the FAMR when the parcel is dropped in the basket will be
supported by the holding arm, exploiting the passive accom-
modation capability of the LICAS manipulator to help the
multi-rotor controller to compensate the exerted moment due
to the mass unbalance. The stability and reliability of the
implemented attitude-position cascade controller to different
perturbations exerted by the human user is also experimen-
tally evaluated. A human-aerial robot interaction control
scheme that allows the user guiding the platform by hand is
proposed, relying on the translational and rotational decou-
pling of the fully actuated multi-rotor along with a deflection
interpretation of the position/attitude control error of the plat-
form to implement an admittance controller. The complete
parcel load and delivery operation is validated in a representa-
tive indoor testbed equipped with an Opti-Track positioning
system.

The key innovation aspects comprised in this work are
therefore the following:

e The intended application involving parcel delivery on
flight through the window of the users’ home, describing
the proposed design concept and involved interactions.

e The development of the aerial delivery system compris-
ing the FAMR and the LiCAS dual arm manipulator,
along with the implemented control schemes.

e The problem of loading a parcel in the aerial platform
while hovering, relying on the mechanical compliance
of the manipulator to support the position/attitude devi-
ations of the multi-rotor.

e The experimental evaluation of the different interactions
previously mentioned, as well as the system validation in
an indoor testbed.

The rest of the paper is organized as follows. Section?2
presents the intended application, describing in Sect.3 the
developed system. Section 4 is focused on system modelling,
whereas Sect.5 covers the controller design. Experimental
results are provided in Sect. 6, reporting the conclusions of
the paper in Sect. 7.

2 Problem Statement
2.1 Intended Application

One of the goals of the European Robotics and Al Network
(euROBIN, [65]) in which this work is framed is the develop-
ment of outdoor aerial robots that can contribute to achieve
more sustainable communities. Motivated by the recent situa-
tion of confinement, and more generally, with the aim to assist
people with certain mobility limitations, this work considers
the problem of aerial delivery directly to the user at home
through the window. Unlike the window-docking delivery
drone presented in [66], that requires a perching platform
installed under the customer window, the approach consid-
ered in this work consists in conducting the through-window
delivery on flight in order to reduce the involved time and
mechanisms required for perching, exploiting the control
capabilities of fully actuated multi-rotor platforms [67] and
adopting human-centered aspects such that the aerial delivery
operation results comfortable and safe for the user.

The aerial robot presented in this work is intended to con-
duct the delivery of light loads (less than 0.5 kg) in urban or
rural environments directly to the customers’ home, using
the window as interface element and reference frame for
the operation. The proposed concept design, illustrated in
Fig.2, aims to make the reception of small packages, such as
medicines or envelopes, more comfortable for users, particu-
larly those with reduced mobility. The envisioned operation
consists of five phases: (1) the aerial robot takes-off from the
supply point, either alogistic center or a delivery truck, where
arobotic manipulator will load the parcel to be delivered, (2)
the aerial robots navigates outdoors to reach the house or
building of the customer [25, 68], (3) the robot approaches
to the designated window in the facade of the building, using
visual, visual-inertial, LiDAR, or other sensors [69, 70] for
accurate positioning relative to the window frame, until the
package is close enough to the window, (4) the user retrieves
the parcel on flight, involving the physical interaction with
the aerial platform [47, 71, 72], and (5) the platforms navi-
gates back to the supply point and lands. The paper is focused
on the first and fourth phases. The approach of conducting the
delivery operation on flight is justified due to the convenience
of avoiding the installation on perching mechanisms on the
facade of the user [66] and reducing the time and complexity
of conducting the perching maneuver, considering also the
case in which the parcel has to be loaded on flight on the
drone due to time or space constraints.

2.2 General Design Requirements

The home aerial delivery robot should be designed consider-
ing, among others, the following practical aspects:
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Fig. 2 Through-window home aerial delivery concept. Left: the
lightweight and compliant anthropomorphic dual arm system (LiCAS)
loads the parcel on the basket of the fully actuated multi-rotor (FAMR),

e Size and weight of the platform the risk and potential
injuries that drones may cause on people or the environ-
ment flying in urban environments in case of fault make
particularly necessary to reduce as much as possible the
overall weight of the aerial robot, at expenses of provid-
ing limited payload capacity and removing not strictly
necessary mechanisms such as grippers.

e Maximum payload capacity related to previous point, the
mass of the load in the considered application will be in
the range of few grams or hundreds of grams, which is
still suitable for the transportation of light loads such as
medicines, envelopes, clothes, or food. The maximum
payload is also limited by the tilting moment due to
the mass unbalance, since the parcel must be out of the
perimeter of the propellers, as depicted in Fig.2

e Control of physical interactions with humans since the
parcel delivery operation will be conducted on flight, the
multi-rotor controller should be able to account for push-
ing or pulling forces exerted by the user when retrieving
the parcel from the basket, ensuring stability of the posi-
tion and attitude controller despite the uncertainty in the
magnitude, direction and pattern of wrenches exerted by
users.

e Shielding rotors for safety since the FAMR will maintain
almost constant its heading relative to the human user
during the approaching and delivery phases (see Fig.2),
a simple shielding frame in the front part of the platform
separating the basket from the propellers is enough to
reduce the risk of injury during the handover, avoiding the
need of shielding the entire platform and the consequent
weight.

e On-board perception for detection and localization the
limited reach of the users” hand when retrieving the parcel
through the window from the basket makes necessary the
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holding its base with the right arm to support the instantaneous mass
unbalance. Right: the FAMR hovers in front of the window so the user
can retrieve the parcel

implementation of accurate vision-based position estima-
tion methods that allow the detection and localization
of the window frame and the identification of human
gestures [73]. Alternatively, adhesive visual marker [74]
could be put in the window to facilitate its localization.

These general requirements motivate the design and devel-
opment of the FAMR platform presented in next section.

3 Developed System
3.1 FAMR Platform Description

The aerial platform used in this work is based on the exten-
sively used F550 hexarotor frame, which has been modified
with 3D printed parts to integrate the autopilot, electronic
speed controllers, and the rest of on-board components indi-
cated in Fig.3. The propulsion system consists of six DJI
2312E rotors with 9 x 4.5 inch propellers, and the XRo-
tor 40A electronic speed controllers (ESC). The hexarotor is
equipped with a Raspberry Pi 3 Model B board connected
to the Emlid’s sensors shield Navio2 autopilot executing the
Ardupilot flight controller. The platformis powered by a 5000
mAh 4 S LiPo battery providing 10 min flight time. The main
specifications are summarized in Table 1. Note that the adop-
tion of a hexarotor platform instead of a standard quadrotor,
although involving higher cost and weight, presents two rel-
evant benefits. On the one hand, the possibility to translate
without tilting results in more comfortable interactions for
the human user when grasping the parcel. On the other hand,
it provides redundancy in the actuators that can be exploited
for fault tolerance, which is particularly relevant when flying
in urban scenarios.
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Fig. 3 Fully-actuated platform for through-window delivery (up) and
sequence of rotations of the propellers (down)

The FAMR incorporates a delivery basket (100 x 90 x
80 mm size) located at L, = 500 mm from the geometric
center of the hexarotor frame, supported by a 400 x 150 x
1.5 mm carbon fiber frame that protects the user from the
propellers. This frame is attached to the multi-rotor base
through a pair of aluminum rods, responsible of transmit-
ting the external wrenches exerted by the human user to the
aerial platform. The basket is located out of the perimeter of
the multi-rotor to avoid that the user may be injured by the
propellers. Note that carrying the parcel on top or bottom of
the multi-rotor makes the handover more difficult and risky
for the customer. Parcels bigger than medical packages can
be also transported as long as they do not interfere with the
airflow of the propellers and can be retrieved safely through
the front protection panel. An Intel RealSense D435i cam-
era is also incorporated for visual detection and localization
of the supply and delivery points, integrating another Rasp-
berry Pi 4 computer for on-board image processing. Since
the FAMR platform is built with standard components com-
mercially available and widely used in aerial robotics, the
proposed design is useful in the sense that it provides an
initial estimation of the manufacturing cost and the main fea-
tures of the home aerial delivery platform in terms of weight,
flight time, payload capacity, and energy consumption [75].

The fully-actuated configuration is achieved by tilting the
brushless motors of the propellers using two different 3D
printed parts that perform two successive rotations, as repre-
sented in Fig. 3: a first rotation o around the X-axis of the

Table 1 Main features of the fully actuated multi-rotor

Parameter Value
Weight/payload 2.75/1.0 kg

Ixx 0.03 kgm?

Iyy 0.03 kgm?

Iz7 0.054 kgm?
Propellers DIJI9 x 4.5 inch
Brushless motors DIJI2312E

LiPo Battery 48, 5000 mAh
Max. Fx/Fy 0.40/0.55 kg
Max. weight in the basket 0.15 kg

FIRST AID

D
az
a3 N N \
@ af
I
a3
as %
qR d
Ly
Fig.4 Up: Lightweight and compliant anthropomorphic dual arm sys-
tem (LiCAS) used to load the parcel on the FAMR, holding the basket

with the right arm while the left arm drops the parcel. Down: kinematic
model of the LICAS

Ly

XY Z base of the propeller, and then a rotation S around the
Y’-axis of the new XY Z’ base. Based on [76], the values cho-
sen for the angles & and § are as follows: oy = —(=Dk20°
and By = (—1)%20°, fork =1,2,...,6.

3.2 LiCAS Dual Arm

The manipulator used to load the parcel in the front basket of
the fully actuated multi-rotor is the lightweight and compliant
anthropomorphic dual arm system (LiCAS) shown in Fig. 4.
This is a human-size and human-like manipulator derived
from our previous works in aerial robotic manipulation [51,
52], and whose main features are summarized in Table 2.
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Table 2 Main features of the LICAS manipulator

Parameter Value
Weight/payload 2.5/0.7 kg
Upper arm link length (L1) 250 mm
Forearm link length (L7) 250 mm
Separation between arms (D) 360 mm
Max. joint speed 250 deg/s
Max. joint deflection 15 deg

Joint stiffness 5-15 Nm/rad
Power supply 12-16 V

The control capabilities of the arms are determined by the
smart servo actuators [51, 52], providing joint position and
speed feedback and control at a maximum rate around 70
Hz, determined by the serial interface. The arms are built
with smart servo actuators, supported by a customized frame
structure manufactured in carbon fiber and aluminum, specif-
ically designed to be very lightweight but highly rigid and
resistant to impacts, introducing a spring-lever transmission
mechanism between the actuators shaft and the links to pro-
vide mechanical joint compliance, as depicted in Fig.5. The
end effector of the right arm has been equipped with two
electromagnets pointing upwards used to hold the metallic

Fig.5 Compliant spring-lever
transmission mechanism
integrated in the four joints of
the LiICAS

frame at the base of the basket, as depicted in Fig. 1. The
left arm incorporates a simple hook-like frame used to grasp
from the handle and drop the parcel on the basket.

Although the LiCAS manipulator employed here for
parcel load was initially developed for aerial robotic manip-
ulation, this dual arm system is suitable for its integration
in human-shared environments like pharmacies due to their
mechanical features, since its very low weight and joint com-
pliance make it intrinsically safe and easy to install on fixed
base or in linear platforms typical of vertical storage solu-
tions. Additionally, its cost is approximately one order of
magnitude lower compared to industrial robotic arms built
with Harmonic Driver gears and more expensive mechanical
components, taking into account that the intended applica-
tion does not require the high level of positioning accuracy
or payload capacity provided by industrial manipulators.

3.3 System Architecture

The components and architecture of the proposed aerial
delivery system design are represented in Fig.6, compris-
ing the FAMR, the LiCAS, and the Ground Control Station
(GCS).

The LiCAS dual arm manipulator, located at the supply
point, either a delivery truck or an indoor facility, consists of
a series of smart servo actuators for end effector positioning

L)
Y

AAE A0

SANANANY

SRR
ASSALY
AN

Lateral/Medial Rotation

Elbow Flexion/Extension
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and orientation [51, 52] connected in daisy chain to the GCS
computer where the Dual Arm Control Program is executed.
One of the arms will be equipped with a gripper for grasping
and dropping the parcel on the FAMR basket, while the other
grasping mechanism will be used for grabbing and holding
the basket on flight to prevent the FAMR displacement when
the parcel is dropped. A camera head as the one depicted in
Fig. 4 will be used to detect and accurately localize the marker
[74] attached to the front part of the basket (see Fig. 3) so the
arms can compensate and correct position deviations of the
FAMR when conducting the parcel load operation.

The FAMR platform, besides the autopilot and the GNSS
(Global Navigation Satellite System) position sensor for
outdoor navigation, integrates a camera as shown in Fig.3
also for detecting and localizing the markers attached to
the LiCAS manipulator in the supply point, and the marker
that the user should put in his/her window to facilitate the
approaching and aerial delivery operation. Given the limited
computational power of small computer boards suitable for
integration in aerial platforms such as Rasperry Pi, simple but
effective marker detection methods should be implemented
[74] for relative positioning of the platform with respect to
the manipulator during the parcel load phase, or with respect
to the window during the aerial delivery. Taking into account
that GNSS sensors have estimation errors in the range of 2m,
it is desirable that the perception system provides minimum
detection and localization range around 5 m.

The GCS executes the Task Manager, the main software
module that handles the aerial delivery operation involving
the FAMR and the LiCAS manipulator, relying on the Mis-
sion Planner for generating and monitoring the flight plan,
as well as the Dual Arm Control Program and the perception
modules for detection and localization.

Task Dual Arm
Manager Program
3.4 Safety Aspects in Aerial Parcel Delivery

The proposed application of aerial parcel delivery through the
window involves certain risks that must be carefully consid-
ered during the experimental evaluation reported in Sect. 6,
or towards the real application outdoors. Although the neces-
sary conditions and requirements for flying outdoors in urban
environments depend on the particular regulation framework
of each country, region or state, it is possible to distinguish
two main safety issues associated to the aerial platform. On
the one hand, and possibly the most critical, the risk of crash
of the multi-rotor during the navigation phase or while hover-
ing in front of the user’s home may have severe consequences
in case of impact against pedestrians, resulting on serious
injuries or even death if the energy of the impact is above 40
Joules.! References [33, 77, 78] analyze the possible dam-
ages that drones may cause depending on their mass, stating
that for weights under 250 gs these platforms are harmless,
but above 2kg and few meters height consequences may be
fatal. Therefore, flying at minimum altitude possible without
interfering road traffic and reducing the overall mass are crit-
ical requirements, requiring for this the miniaturization of the
on-board electronics and sensors (which is out of the scope of
this work). On the other hand, shielding the multi-rotor pro-
pellers in order to prevent the impact against the hand, face,
neck, or any other exposed part of the user’s body that could
result affected during the parcel retrieval is highly desirable
to reduce possible injuries [44]. The incorporation of shield-
ing frames or cage structures [79] is a trade-off between
safety and weight increase that should rely on reasonable
assumptions. For example, the simple carbon fiber front panel
integrated in the FAMR shown in Fig. 3 serves to support the
basket and at the same time protects the user from the pro-

' According to the handbook on “Best practice dropped object preven-
tion”.
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pellers for a range of heading angles around +30 degrees,
taking into account that in normal operation, the aerial plat-
form moves forwards when approaching the user. Also, if the
user employs some kind of stick with a hook to retrieve the
parcel instead of directly grasping it with his/her hands (see
experiment in Sect. 6.4), safety can be significantly improved.

Multi-rotor crash may occur due to several reasons,
considering as most common: impact or collision against
an obstacle (including people, birds, traffic signals, other
vehicles), battery discharge, electrical or electronic failure
causing loss of thrust in one or several propellers, signal
noise or interference in the onboard navigation sensors (GPS,
IMU), or software bugs that may cause malfunctions. Besides
previously mentioned risks, batteries should be also handled
carefully since short-circuits or damages on their protecting
case caused by strong impacts may result on fire. Particular
works have been devoted to analyze the hazard and safety
aspects of small drones [80], or the injuries falling drones
may cause when impacting a human head [32].

4 System Modeling
4.1 Fully Actuated Multi-rotor Model

The dynamic model of the FAMR platform is derived using
the Euler-Lagrange approach, following here the notation
employed in [81] and [82]. The translational dynamics is
expressed in the Earth frame {E} = {XgYgZg} and the
rotational dynamics in the body frame {B} = {XpYpZg},
as represented in Fig.2. The FAMR state is defined by the
vector § = [p n]T € R®, which includes the position
p =[x, y, z] € R3 expressed in {E}, and the Euler angles
n =9, 0, ¥] € R3 of the attitude of the FAMR. In order to
account for the parcel load/unload state, a binary variable é p
is introduced, such that §p = 1 when the parcel is dropped,
and §p = 0 when the basket is empty. This variable is used to

update the mass/inertia parameters involved in the dynamic
model of the platform, expressed in the usual matrix form as:

M(£,8p)E + C(&, £, 8p)E + G(&, 8p)
=ERpFc(w) + Fps + Foxy (1

where M € RO*C is the inertia matrix, C € R® rep-
resents the centrifugal and Coriolis terms, whereas G €
R® includes the gravitational forces. In addition, Fc =
[F Y Fy F; 1y 1y TZ]T € RO includes the control forces
and torques generated by the propellers, while Fp; € RS
includes the physical interaction forces and torques with the
human/LiCAS. Finally, ERp = [Rgp 03x3: 0343 I3,3] €
R®*6 incorporates the rotation matrix Rgg € R**3 from B to
E, and F,,, € R® represents the external forces and torques
not modeled like aerodynamic effects.

The control forces and torques are related with the rotation
velocity of each propeller using the mapping matrix H ¢xe.
For the FAMR, this matrix depends on the angles « and , the
length L from the center of gravity (CoG) of the platform to
the motor, the drag coefficient Cp and the thrust coefficient
C T

F, a)f

Fy “)%

F. A3x6CT w?
F ) = = 3 2
cl@n) Ty |:BSX6LCT + C3x6Cp | | wF @

2

? Hexe Zg

z 6

where w; is the rotational speed of the motor i. The matrix
A3zwxe, B3xg and C3y¢ are shown in (3), (4) and (5), where ¢
is cos, sis sin and A; is the column i of A3 ¢ (in the following
s and ca denote the sinus/cosine of «):

V3 sacf V3 sach 3 sacp V3 sacf
) 76‘/3\;_ > sacf —TSLI;_— > TS,B\;_ > sacp —TSi_— > 3
6= % + ;sacﬁ —sp % + ;sacﬁ % + ;sacﬁ —sp % — ;sacﬂ )
| cacp cacp cacp cacf cacf cacf
rcacf cacp cacf cacp
ach - —cacf —
Bixe = Taxsﬁ 0 Taxsﬁ TCOtSﬁ 0 —7cas,8 “)
| sacp —sacP cacf —sacB  cacf —sacP

Cixe = [—A1 Ay —A3 Ay —As Ag |

&)
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A more in detail derivation of these matrices can be found
in [46]. Matrix A is part of the mixer matrix that is deter-
mined by the configuration of the rotors described at the end
of Sect.3.1, comprising a rotation sequence to change the
direction of the thrust which allows to achieve the fully actu-
ated configuration. In particular matrix A allows to obtain
the forces on the XY Z axes from the angular velocity of the
propellers. Matrix B is analogous to A but for the torques
acting on the multi-rotor.

4.2 LiCAS Kinematics and Dynamics

The LiCAS dual arm manipulator implements the kinemat-
ics depicted in Fig.4 with four positioning joints, three at
the shoulder and the elbow. Wrist orientation joint are not
implemented since these are not necessary for the intended
operation and due to the convenience to reduce the mass and
inertia of the arms. Denoting by qj. the rotation angle of the
j-th joint of the i-th arm (i = {1, 2} for the left and right
arms, respectively), the rotation angles of the arms are:

Shoulder flexion/extension, qi.
Shoulder adduction/abduction, g5.
Lateral/medial rotation, qé.
Elbow flexion/extension, qj‘.

The lengths of the two main links of the arms, upper arm and
forearm, are denoted by L and L, respectively, whereas D
will denote the separation distance between the arms. The
dual arm base frame {0} is attached at the midpoint of the
baseline of the shoulder flexion/extension joint, with the X¢
axis pointing forwards, and the Zg axis pointing upwards, as
represented in Fig. 2. Analytical resolution of this kinematic
configuration is detailed in [51].

The dynamics of the LICAS manipulator is obtained fol-
lowing the Euler-Lagrange formulation, adopting the flexible
joint model [83] to account for the spring-lever transmis-
sion mechanism introduced between the servo actuators and
the links (see Fig.5). Since both arms are kinematically and
mechanically identical, and are rigidly attached to the ground
through the shoulder structure, there is no dynamic coupling
between them except for the external wrenches exerted in
closed kinematic chain, for example when the right arm arm
is holding the FAMR while the left arm drops the parcel on
the basket (see Sect. 6.3). Therefore, the equations of motion
in joint space can be expressed for each arm as:

M(q)§' +C(q', ¢ +G@) =7 + 7, (©)
B@H +7' =1l -1} )
=K@ —q)+D@ —§) (8)

Here M and B € R*** are the inertia matrices of the output
links and the servo shafts, respectively (the terms in B are
much lower than in M), C € R**# contains the centrifugal
and Coriolis terms, G € R* are the gravity torques, whereas
! € R* s the torque vector of the servo actuators, 7 € R*
is the torque transmitted by the spring-lever mechanism, and
t!., € R*are the external torques acting on the arm. Two kind
of external wrenches are considered here: (1) those exerted
by the basket of the FAMR while this is hovering during the
parcel load operation, (2) the forces exerted by each of the
arms into the other when forming a close kinematic chain
during parcel load.

The spring-lever transmission is assimilated to a torsion
spring-damper characterized by its stiffness k;. and damping
d;, so the corresponding joint stiffness and damping matri-
ces are KI' = diag({k;}) and D' = diag({d;.}). Again,
since both arms are identical, it is possible to assume that
kl = k2 Vj. The equivalent joint stiffness of the spring-lever
transmlssmn is obtained from the compression sprmg stiff-
ness K ’S and the lever length L; as k; = K! ]L 5, whereas
the joint damplng should be experimentally determlned asin
[53].

The joint deflection angle AG; caused by the compression
of the springs due to any endogenous or exogenous force
is defined as the difference between the servo shaft and the
angular position of the corresponding output link, that is,
A@’ 9; — q Analogously, the Cartesian deflection is
deﬁned as the posmon deviation of the end effector in the
compliant arm with respect to the equivalent stiff-joint arm
[19, 53]:

Al = FK(0") — FK(q') )

For small deflection angles, the Cartesian deflection can be
obtained from the manipulator Jacobian and the deflection
vector as:

I = J@O)A6 (10)

The dynamics of the compliant manipulator can therefore be
expressed in the Cartesian space as follows [53]:

McAL + DAl + Ko (Al — AL+ AL, = F +F._, (11)

where K¢ € R3*3 and D¢ € R3*3 are the Cartesian stiff-
ness and damping matrices [53], Alf) is the zero deflection
reference position, F are the forces generated by the manipu-
lator, whereas F',,, are the external forces at the end effector,
exerted either by the FAMR basket or by the other arm.
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5 Control Framework

5.1 FAMR Cascade Controller

Given the diversity of position and attitude controllers that
can be found in the literature [64], a cascade control scheme is
adopted in this work for the FAMR due to three main reasons:
(1) this control architecture is implemented by most standard
autopilots due to their reliability and robustness to per-
turbations (experimentally evaluated in Sect.6.2), reducing
consequently the development and validation time towards
system implementation, (2) the interpretation and tuning pro-
cedure of the controller parameters is more intuitive, and (3)
it can be used as baseline controller for further improvement
and comparison with other control schemes. In particular,
next subsection addresses the incorporation of an admittance
control layer [17] based on a deflection interpretation of the
position/attitude control errors to allow the user guiding the
platform by applying contact wrenches [51].

Unlike the typical implementation in co-planar multi-
rotors, in which the position control is achieved through
the attitude control due to the under-actuated dynamics, the
fully actuated multi-rotor allows to decouple the attitude and
position control, as depicted in Fig. 7. A Proportional (P) con-
troller takes as input position/attitude references and gives as
output the corresponding speed references, taken as inputby a
Proportional-Integral-Derivative (PID) controller that com-
putes the required wrenches converted into a PWM (pulse
width modulation) signal through the Motor Mixer.

Particularizing for the X-axis position control:

xref = Kgx(xref —X) (12)

Fy = Kb i + K}, [ ke dt + K5, (13)

@ Springer

where X, = X,.; — X is the X-axis velocity error, K gx is the
X-axis proportional gain of the position controller, and K, ,
K })x, and K Iv)x are the proportional, integral, and derivative
gains of the X-axis velocity controller acting over the cor-
responding velocity error x.. The integral term is typically
saturated to a maximum value to prevent wind-up effect.
An Extended Kalman Filter (EKF) is implemented to obtain
position, velocity, and acceleration estimates from the fusion
of the on-board and off-board sensors (accelerometer, gyro-
scope, magnetometer, visual position sensors, and others).
The controller is analogous for the other axes, as well as
for the attitude control. Note that the gain K, relates the
force exerted by the FAMR to velocity errors, so it can be
interpreted as a damping factor, whereas the term K ﬁ Kp,
corresponds to the stiffness factor that relates the position
deviation with the exerted force.

5.2 FAMR Equivalent Compliant Model

The ability of the FAMR to decouple the position and
attitude control, represented in Fig. 7, along with the assim-
ilation of the controlled platform to a second order dynamic
system characterized by its mass/inertia and an equivalent
stiffness/damping coefficients mentioned above, allow the
application of control methods from series elastic actuators
[84], developed also in our previous works for compli-
ant aerial manipulators [51, 53]. The key concept is the
interpretation of the FAMR position/attitude errors as Carte-
sian/angular deflection values, defined as the difference
between the reference (considered as “stiff”” value) and cur-
rent pose. Denoting by Foy, = [F&Y, F¢¥, F&T the
external forces that the human user may exert at the bas-
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— Zg
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Fig. 8 Equivalent compliant model of the fully actuated multi-rotor,

where the position/attitude control errors are interpreted as deflection
values

ket, it is assumed that the deflection will only occur in the
X-axis, and in the pitch and yaw angles, as depicted in Fig. 8.

For relatively small forces and position/attitude deviations
(in the range of 0.1 m/ 10 degrees), it is possible to assimilate
the position-controlled FAMR to an equivalent linear/torsion
spring system such that:

F&' = K& (xyep — x) = KE Ax (14)
F&' = K (Yrep — W) = K AY (15)
F&' = KR Orer —0) = KFAO (16)

where K¢, K ﬁ’ and KR are the equivalent Cartesian and
rotational stiffness constants for the X -axis and the pitch-yaw
angles, respectively, whose value is mainly determined by the
proportional gains of the position-velocity cascade controller
and on the distance L; from the basket to the center of mass
of the platform, whereas Ax, A6, and Ay are the corre-
sponding deflection values. Identification methods based on
impulsive response or quasi-static force—deflection charac-
terization [53] can be applied to estimate the value of these
parameters. Section 6.2 will present experimental results with
the response of the FAMR to impulsive and pushing forces
exerted in the X-axis and in pitch and yaw angles.

5.3 FAMR Control with Physical Human Interaction

In order to allow the human user to interact physically with
the FAMR through the basket, for example for adjusting
the height of the platform to retrieve the parcel more com-
fortably, as illustrated in Fig.9, a modified version of the
zero-deflection controller developed for compliant arms in
[51]1s applied here, inspired also in the admittance controller
for quadrotors presented in [17].

The interaction model with the human user involves the
application of the three type of forces on the basket as iden-
tified in Figs. 8 and 9:

1. Pushing/pulling forces along the Z-axis (F¢*') that tend
to cause tilting deviations in pitch (A8) while maintaining
fixed the position of its center of mass.

2. Lateral forces (F y”’ ) that tend to induce deviations in the
yaw angle of the platform (Av) while maintaining fixed
the position of its center of mass.

3. Pushing forces along the X-axis (F*') that cause linear
displacements (Ax) to move away the multi-rotor while
maintaining its attitude constant.

These forces may be impulsive or assimilated to certain
patterns (step, stair, or smooth variations), assuming in any
case that the user applies them on the basket with his/her
hand or through a device like the stick with hook employed
in the tests. Sections 6.2 and 6.4 evaluate experimentally the
response of the multi-rotor to these kind of interactions. The
relationship between force exerted by the user and the deflec-
tion inducted on the platform is given by Egs. (14)—(16). Note
that, since the FAMR decouples attitude from position con-
trol thanks to the convenient arrangement of the propellers
described in Sect.3.1, the forces exerted by the user at the
basket on the Y Z-axes is transformed into a torque at the
CoM of the multi-rotor.

The natural way for the user to adjust the position of
the aerial platform for retrieving more comfortably the par-
cel would be grabbing the basket and pulling it up/down,
left/right, or forwards/backwards, which involves the appli-
cation of the external force F,,; depicted in Figs.8 and9.
Therefore, the desired behaviour for the FAMR when inter-
acting with the user to be implemented by the admittance
controller on top of the position controller is as follows:

e Reduce/increase the reference height of the platform
(zrer) when the user exerts a pushing/pulling force
against the basket (Ff*') causing a deflection in pitch
(A0).

e Move laterally the platform (y,.r) when the user exerts
a yaw moment (Avy) due to a lateral force (F;,'X’ ).

e Move the platform forwards/backwards (x,.r) when the
user exerts a pushing force along the X-axis.

These corrections on the nominal position of the multi-rotor
(Xrefs Yref» Zref) With respect to the reference frame of the
window (see Fig. 2), are intended to correct the positioning of
the FAMR in the most convenient way for the user according
to the particular type of window and the way he/she extends
his/her arms through it.

As described in [17], the desired guiding effect can be
achieved implementing an admittance controller that modi-
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Fig.9 Desired altitude control

behaviour when the user .
pushes/pulls the payload along

the Z-axis. An altitude Ffx
correction Az is introduced E
when the pitch angle exceeds
the threshold (|A8| > Ab;,) to
prevent excessive tilting

Pushing Force

Pulling Force
ﬁ (Tilting upwards)

|A8] < AByy,

4 (Tilting downwards)

‘ erxt <0

fies the reference position of the FAMR platform in response
to the forces exerted by the human user, imposing zero stiff-
ness and considering only a damping factor. Similarly to the
zero-deflection controller for the flexible joint manipulator in
[51], the Cartesian and angular deflection of the platform can
be used to estimate the external forces from the model given
by Eqgs. (14)—(16). The proposed control scheme is depicted
in Fig. 10. Particularizing for the desired pitch-height interac-
tion represented in Fig. 9, the altitude reference is computed
as:

t

Zref = Z,(,)ef +/ SZQ’(AG, A@th) dT (17)
0

where Z(r)e f is the nominal height reference, S is the Z-axis

speed scaling factor, A6y, > 0 is the pitch angle deflection
threshold, and ¢ (-, ) : R x R — R s the dead-zone function
defined as follows:

AO — AOy,  if AO > Abyy,
C(AB, ABip) = § AO + AOyy, if AO < —Aby, (18)
0 in other case

The platform will increase/decrease the height reference as
long as the user applies the force, corresponding to the
integral term in Eq. (17). In order to reject the effect of
small attitude control errors or the noise in the measured
pitch angle, only deflections above the threshold A6, are
considered as actions from the user, which motivates the
introduction of Equation (18). The dead-zone function pre-
vents integral drift due to measurement noise or small control
errors, which determine the lower bound for the deflection
threshold. Note that the units of the scaling factor S, are
m/(s rad), since the height ascending/descending rate is pro-
portional to the pitch deflection angle. The method is the

@ Springer

]

erxt >0

Table 3 Cascade controller parameters of the FAMR

Controller Action P 1 D
XY position Distance to speed 1.0 - -
XY velocity Velocity to accel 2.0 0.2 1.2
XY velocity Integral limit - - 25
Stabilize (attitude) Roll-Pitch angles 4.5 - -
Stabilize (attitude) Yaw angle 1.0 - -
Angular rate Roll-pitch angles 0.25 0.35 0.004
Angular rate Yaw angle 0.7 0.02 0
Altitude hold Alt. to Climb rate 1.0 - -
Throttle eate Climb rate to accel 1.0 - -

analogous for the yaw angle and the X-axis deflection, with
the corresponding scaling factors and threshold values.

It is necessary to remark that the capacity of the multi-
rotor to counteract the forces exerted by the user is limited
by the maximum thrust of the propellers (multi-rotor hover
is typically done at 50-60% of thrust to avoid actuators satu-
ration). The compliant behaviour provided by the admittance
controller allows to alleviate the effort supported during the
interaction by accommodating the position of the platform,
taking also into account that the ability of the human user to
exert contact forces is limited by the reach of his/her arm.

6 Experimental Results

The results presented here were obtained with the cascade
controller described in Sect. 5.1, flying the aerial platform in
position mode. The controller parameters were tuned through
the Mission Planner interface of the ArduPilot firmware,
using the values indicated in Table 3.

The angular rate and attitude controllers were firstly tuned
by an skilled human pilot, whereas the velocity and posi-
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Fig. 10 Compliant human-FAMR interaction controller based on
Cartesian and angular deflection. Position references are updated inte-
grating the deflection signals, applying previously a dead zone to reject

tion controllers were later tuned based on the experimental
identification of the overshoot and convergence time of the
position controller to external perturbations exerted by the
human user.

The experiments presented in Sect.6.1 and 6.2, both
involving close proximity between the human user and the
aerial platform while flying, were carried out by researchers
with significant experience in aerial robotics. In case these
experiments are reproduced, it is strongly recommended to
use appropriate equipment like protection gloves and glasses
for safety reasons, and proceed with extra caution when
approaching and interacting with the aerial platform. The
use of a stick with a hook for interacting with the basked also
contributes to improve safety by increasing the separation
distance.

The datasets generated during and/or analysed during the
current study are available from the corresponding author on
reasonable request.

6.1 Parcel Load/Unload

The goal of this identification experiment is to evaluate the
behaviour of the FAMR cascade controller when parcels of
different weight are loaded/unloaded into the basket, as well
as to obtain an estimation of the expected position deviation
in order to account for the possible collision of the aerial plat-
form with the manipulator or the user when these are in front
of it during the operation. The execution of the experiment is
depicted in Fig. 11. A human user drops/retrieves the parcel at
intervals of 30 s while the aerial platform is hovering at fixed
position at 1.2 m height and zero attitude reference. Three
payloads are applied in three consecutive load/unload oper-
ations: 60, 90, and 120 grams, corresponding to a moment
of 0.3, 0.45, and 0.6 Nm exerted in the pitch angle due to
gravity (the basket is located at 0.5 m from the platform
CoM). The evolution of the FAMR position displacement

sensors noise and small control errors, so only the external forces applied
by the user on the basket account for accommodating the position of
the FAMR

with respect to its reference position is depicted in Fig. 12,
comparing in more detail the X-axis and pitch angle devia-
tion of the platform in Fig. 13. As it can be seen, the effect of
loading/unloading the parcel on the basket can be assimilated
to an impulsive moment exerted in the pitch angle causing a
consequent position deviation compensated by the cascade
controller. The maximum X axis position displacement for
the three masses are 0.5, 0.7, and 0.85 m, respectively.

The analysis and comparison of the data allows to derive
the following remarks:

e The position and attitude deviations of the FAMR show
the typical second order behaviour characterized by a cer-
tain stiffness and damping, which validates the equivalent
compliant model described in Sect.5.2.

e Parcel load causes a significant forward displacement on
the aerial platform, along the Xp aixs, which could lead to
a collision of the platform against the wall or the human
user. This motivates the use of the right arm of the LICAS
manipulator to hold the platform during the load opera-
tion (see Sect. 6.3).

e Parcel unload causes a backward displacement on the
aerial platform, in this case, a convenient reaction for the
aerial delivery operation since this does not compromise
safety as long as the platform has enough space behind.

e The parcel load/unload event can be easily detected by
defining a threshold in the pitch angle (around +5 deg)
and monitoring the X-axis displacement in order to dis-
tinguish this from other intentional interactions from the
human user (see Sect.6.2).

e The variation of the FAMR altitude is much lower com-
pared to the displacement along the Xp axis. Also, the
lateral displacement is lower, but there is a certain cou-
pling.

e The reaction time of the aerial platform to these position
deviations due to mass unbalance is around 2s, which
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Fig. 11 Image sequence
showing the FAMR deviation in
pitch and X-axis during parcel
load and unload. User
drops/retrieves the parcel from
the basket (L1/U1), the platform
suffers an instantaneous
deviation in the pitch angle
(L2/U2) and a consequent
deviation along the Xp axis
(L3/U3)

Az [m]

60 grams
90 grams
120 grams| 160 180

Ay [m]

Af [deg]

0 20 40 60 80 100 120 140 160 180
T T T T

0 A = <2\ LA V-

Az [m]

-t . . . . . . . . b
0 20 40 60 80 100 120 140 160 180
time [s]

Fig. 12 Position displacement of the FAMR when the parcel is loaded
(L) and unloaded (U) on the basket, considering three payloads: 60, 90,
120 gs

determines the required agility of the human user or the
robotic manipulator to drop or retrieve the parcel, unless
the delivery basket is grabbed to prevent this inconve-
nience.

It is necessary to remark that during the experiments, the
FAMR platform is commanded to maintain a zero attitude
reference, and therefore, the actuation of the position con-
troller is limited by the horizontal force that can be exerted
by the tilted propellers, which is limited to 4 N approximately.
The dynamic response of the FAMR in terms of overshoot
and convergence time to the position reference after the per-
turbation associated to the parcel load/unload event occurs,
could be improved by removing the zero attitude constraint

@ Springer

v

PARCEL LOAD

60 grams
90 grams
120 grams

A0 [deg/s]

0 10 20 30 40 50 60
time [s]

Fig. 13 Detailed view of the X-axis position and pitch angle deviation
of the FAMR for the three payload masses

and allowing the platform to tilt to increase the magnitude of
the horizontal forces that the platform can generate to coun-
teract the sudden mass unbalance. This allows to implement
schemes like geometric L1 adaptive control [85], adaptive
non-singular fast terminal sliding mode control [86], adap-
tive backstepping [87], or hybrid robust adaptive control [88].
Note however that, in the close interaction with the human
user, it is still preferable that the multi-rotor controller is
slightly “slow” to prevent that fast reactions from the posi-
tion controller scare the user or make the handover operation
more uncomfortable.

Since previous experiments were conducted with the same
battery (LiPo 4 S, 4.500 mAh, 0.5 kg weight), it is also inter-
esting to compare the discharge rate and power consumption,
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FARM Battery Voltage, Current, Power Load/Unload
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Fig. 14 Battery discharge rate for the three payload masses. Battery
voltage (up), current (middle), and power (down)

represented in Fig. 14. Note that for the 60 grams case the ini-
tial voltage of the battery is 0.5 V lower than in the other two
cases, and the current consumption is also 0.5 A below.

6.2 Impulsive and Pushing Forces Exerted by Human
User

The purpose of these experiments is twofold. On the
one hand, demonstrating the stability and reliability of
the attitude-position cascade control scheme described in
Sect.5.1 to impulsive and pushing forces exerted on the

Fig. 15 Human user exerting
different impulsive and pushing
forces against the basket of the
FAMR. Particular care must be
taken when replicating this
experiment since instability of
multi-rotor controller due to
excessive perturbations may
cause injuries on the user in case
of impact of propellers

basket, taking into account that safety is an essential require-
ment in this application. Since the human user is intended
to interact with the FAMR during the parcel load/unload, it
is necessary to evaluate the behaviour of the platform to a
range of “reasonable” perturbations that the human might
exert by pushing, pulling or grabbing the platform by hand,
as depicted in Fig. 15 (see video attachment). The response
of the FAMR to this set of randomly exerted perturbations is
represented in Fig. 16, including the case in which the user
grabs the basket and disturbs the platform in roll, pitch and
yaw.

On the other hand, these experiments evidence the
position-attitude decoupled dynamics and control of the fully
actuated configuration, and the obtained results can be used to
identify the equivalent spring-damper parameters that relate
the exerted force with the attitude and position deviations,
assimilating the controlled platform to an passive mechanical
system with second order dynamics. During the experiment,
the FAMR is commanded to hover at a fixed position with
zero attitude reference while the human user exerts pushing
forces at the basket, causing: (1) X-axis position deviations,
(2) tilting moments in pitch angle, and (3) yaw rotations.
In order to measure the magnitude of the forces applied in
the basket, a calibrated compliant force sensor consisting of
a HGSI LPPS-SL-025 linear potentiometer (25 mm stroke)
and a low stiffness compression spring is attached at the tip
of a rod used to exert the forces, reading the measurements
through an microcontroller board connected to the Ground
Control Station (GCS) laptop. The response of the FAMR
position and attitude controllers to these impulsive and sus-

Pushing Force [X-is) Pitch Moment Downwards
TR r i S
) & i ' 1
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. FAMR Position and Attitude Displacement to Perturbations
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Fig. 16 FAMR position and attitude deviations to significant pertur-
bations exerted by the human user by hand over the basket: X-axis
impulses and pushing forces (0-30s, and 75-90s), pitch and yaw
impulses (35-75s), and roll-pitch-yaw perturbation while grabbing the
basket (90-1005s)

tained forces is represented in Fig. 17. The force ramp signal
manually applied by the human user at # = 70 and t = 100
s reveals that the equivalent X-axis stiffness of the position
controller is 2 N/m, approximately.

During the realization of the tests, it was found that the
cascade controller implemented in the FAMR remained sta-
ble without raising any unstable behaviour. Even in the most
risky situation in which the user exerts a pitch moment down-
wards (see Fig. 15 in the middle), the platform was able to
maintain the position and attitude control thanks to the fully
actuated feature. The carbon fiber protection panel that sep-
arates the propellers from the basket contributes to enhance
the feeling of safety of the user compared to the case in which
the rotors are not covered. The main inconvenience observed
was the relatively low convergence time and significant over-
shoot when peak or sustained forces are exerted on the X -axis
due to the limited ability of the FAMR to generate horizon-
tal forces and because errors accumulated in intervals of few
seconds tend to saturate the integral action. Anyways, it is
preferable that the convergence time in the position control
is relatively slow so the user feels comfortable and safe when
the platform is moving closely.

6.3 Parcel Load on Flight with LiCAS

This experiment is intended to demonstrate the possibility
to conduct the parcel load on flight relying on the compliant
bimanual manipulation capabilities of the LiCAS dual arm
presented in Sect.3.2. The operation is depicted in Fig. 18.
As analysed in Sect. 6.1, the FAMR experiences a significant
pitch and position deviation in the forward direction when
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Fig. 17 FAMR position and attitude deviations to pushing forces and
moments exerted through a compliant force sensor along the X-axis,
the pitch and yaw angles. The contact occurs at the basket located at
0.5 m from the platform center of mass

the parcel is dropped into the basket due to the sudden mass
unbalance (see Fig. 12). In order to prevent the collision of the
FAMR with the LiCAS due to this effect, and taking benefit
of the human-like manipulation capabilities of the arms, the
adopted solution consisted of holding the base of the basket
of the FAMR with the right arm while the parcel is loaded
with the left arm, exploiting the mechanical joint compliance
of the LiCAS to overcome the interaction wrenches due to
the pose deviations of the FAMR. The evolution of the tool
center point (TCP) position of both arms, the joint variables,
and the position and attitude deviation of the FAMR plat-
form with respect to the hovering position are depicted in
Fig. 19. For simplicity in the realization of the experiments,
the LiCAS is teleoperated using another LiCAS with identi-
cal kinematic configuration in leader-follower configuration
[89]. The operation starts once the FAMR is hovering in front
of the LICAS, such that the basket is at a relative XY Z posi-
tion of [0.3, — 0.15, — 0.25] m with respect to the arms frame
{0}, corresponding to the L-pose of the right arm. The right
forearm is lifted until the two electromagnets placed at the
end effector are in contact with the metallic base of the bas-
ket (phase 1 in Fig.19) in order to provide a certain grip.
Then, the left arm, which is initially holding the parcel by
the handle with a hook-like gripper using the gravity effect,
is moved until the XY components of both arms are aligned
(phase 2). Once the parcel is dropped in the basket and the
left arm is released, this goes back to the rest position (phase
3) and then the right arm pushes the FAMR 10 cm backwards
along the X-axis so the FAMR position/attitude controllers
can compensate the mass unbalance due to the load without
colliding with the arms.
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Fig. 18 Sequence of images
showing how the LiCAS
manipulator drops the parcel on
the basket while the right arm
holds its base to prevent the
FAMR position and attitude
displacement causing a collision
with the arms

Fig. 19 Tool center point (TCP) position of the LiCAS left and right
arms (up), FAMR position and pitch angle deviation w.r.t. the hover-
ing position (middle), and LiCAS joint angular position (down) during
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Fig.20 Sequence of images illustrating the delivery operation with user
interaction for adjusting the height by applying a downwards pushing
force with the stick

6.4 Multi-rotor Interaction Control Experiments

The experimental results presented here evaluate the response
of the FAMR compliant interaction controller described in
Sect. 5.3 to the pushing/pulling forces exerted by the user
when retrieving the parcel from the basket. Two use cases
are considered. On the one hand, Figs.20 and21 represent
the case in which the user is exerting a certain pushing force
downwards against the basket, causing an instantaneous pitch
moment on the multi-rotor that is supported by the attitude
controller. Since the exerted force makes the pitch deflec-
tion angle exceed the threshold A6, = 3 deg (whose value
is determined from the characterization of the pitch angle
noise), the Z-axis reference is modified to decrease the alti-
tude so the multi-rotor pose is accommodated to the human
intention. Once the pitch deflection angles is under the thresh-
old again, the dead-zone function ceases the integration so
the reference remains constant. Five consecutive tests were
conducted in which the user reduced the height of the basket
by exerting a pushing force downwards against the basket.
The altitude of the platform was restored by a human pilot
between the tests.

On the other hand, Figs. 22 and 23 show the reaction of the
compliant controller when the human user pulls the platform
laterally. Note that forces exerted on the basket along the
Yp axis tend to cause moments in yaw that may result in
uncomfortable poses for the user, so it is preferred to adapt
the position of the multi-rotor in this axis to maintain constant
the heading during the delivery.

6.5 Complete Operation

The complete through-window home aerial delivery oper-
ation (see Fig. 1) was validated in the same indoor testbed
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Fig.21 Evolution of the FAMR pitch, Z-axis speed and position when
the human user exerts a pushing force downwards with the stick so
he/she can retrieve the parcel more comfortably. Five consecutive inter-
actions were tested

U;;r pushes the b:
downwards.

laterally.

Fig. 22 Sequence of low angle images illustrating how the FAMR
adapts its height and lateral position according to the interaction forces
exerted by the user through the window in order to bring the parcel to
a comfortable position for retrieval

scenario in order to have an overall estimation of the involved
time, although without considering the outdoor navigation
phase. In this scenario, the supply point with the LiCAS and
the user’s window are located at 2 and 3m distance in the
X and Y axes from the take-off position, respectively. The
trajectory followed by the FAMR is represented in Figs.24
and25. The execution of the experiment can be seen in
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Delivery with User Interaction Pushing Laterally (Yaw-Y)

FAMR Trajectory - Parcel Load with LiCAS and User Delivery
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Fig.23 FAMR yaw angle, Y-axis speed and position when the human
user exerts a lateral pushing force on the basket
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Fig.24 FAMR 3D trajectory followed during the complete parcel load,
transportation, and delivery in the indoor scenario

the video attachment. The take-off and parcel load phases
are executed in 45 s, whereas the approaching to the user’s
window and parcel delivery is conducted in 30s. The perfor-
mance time can be improved around 20-30% by increasing
the flight speed and reducing the time interval between way-
points during the approaching maneuvers.

7 Conclusion and Future Work

This paper presented an aerial delivery system consisting
of a lightweight and compliant anthropomorphic dual arm
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Fig. 25 Evolution of the FAMR position and attitude during the real-
ization of the complete parcel load and delivery operation

manipulator used to load small parcels in the front basket
of a fully actuated multi-rotor that conducts the delivery
operation directly to the users’ home through the win-
dow of his/her building, so the parcel can be comfortably
and quickly retrieved, overcoming the limitations of ground
robots navigating in dense urban environments. Identification
experiments evidence that the FAMR suffers a significant
displacement in the pitch angle and in the forward direc-
tion (up to 1m for a 120gs payload) when the parcel is
loaded/unloaded from the basket due to the mass unbalance,
which motivates the use of a compliant dual arm for holding
the base of the basket with one of the arms while the parcel is
dropped in the basket with the other arm, preventing in this
way possible impacts of the platform against the manipulator
in the supply area.

The ability of fully actuated multi-rotors to decouple
the translational and rotational motion was exploited here,
incorporating a modified admittance controller over the
position-attitude cascade controller so the user can guide
manually the platform by interpreting the pose control errors
as Cartesian and joint deflection values caused by the external
contact forces. The robustness and reliability of the cas-
cade position-attitude control scheme implemented by most
autopilots is experimentally evaluated through the applica-
tion of impulsive and pushing forces while the platform is
hovering at a fixed position. Qualitatively, the user perceives
a feeling of safety during close interaction thanks to the car-
bon fiber protection panel that separates the basket from the
propellers, and due to the decoupled position and attitude
control that prevents forward position displacements when
tilting moments are exerted over the platform. Experimental
results in a representative indoor scenario with an Opti-Track
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positioning system validate the complete operation, provid-
ing some time metrics to evaluate the system performance.
The future work should be focused in three main aspects
in order to advance towards the real application outdoors
of the proposed system. First, the effect of wind should be
evaluated to ensure that this can be supported without affect-
ing significantly the positioning accuracy and reliability of
the platform, involving the incorporation of wind speed mea-
surement and estimation methods, and the adoption of control
modes more suitable to overcome this perturbation. Second,
the payload-to-weight ratio of the aerial platform should be
improved, and, more specifically, the miniaturization and
integration of the electronics, sensors, and the rest of onboard
components is essential to achieve a significant weight reduc-
tion to increase safety when flying in urban areas. Finally,
users’ surveys, ethical and regulation aspects have to be con-
sidered towards the practical application in urban or rural
environments of the proposed home aerial delivery system.
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